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During translation, the ribosome uses substrate aminoacyl-tRNAs in concert with 
many protein factors to synthesize the protein encoded by a particular mRNA. Substrate 
tRNAs can bind inside the ribosome in three unique positions: A (aminoacyl), P 
(peptidyl), and E (exit). During peptide bond formation, the incoming aminoacyl-tRNA 
being decoded is accommodated into the ribosomal A site where it reacts with the P-site 
peptidyl-tRNA and is transferred to the A-site tRNA. Following a translocation step, the 
deacylated P-site tRNA moves to the ribosomal E site where it can be released back into 
the cytoplasm. Although we give these sites discrete names, communication between 
tRNAs and factors that bind in these sites has been of great interest to the field. Here I 
use a combination of in vitro and in vivo methods to understand the function of two E-site 
binding proteins in translation elongation and termination. First, using ribosome profiling 
and in vitro biochemistry I identify eIF5A, an abundant and essential protein in 
eukaryotes, as a global translation factor that stimulates both peptidyl-transfer 
(elongation) and peptidyl-hydrolysis (termination). Next, using an improved hydroxyl 
radical probing method I identify the ribosome binding site of Upf1, an essential factor of 
the nonsense-mediated mRNA decay pathway, as the L1 stalk near the ribosomal E site. 
Taken together, my observations expand on our understanding of communication 
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Chapter I: Introduction 
 
The central dogma of biology refers to the flow of genetic information from DNA 
to RNA to protein. Across all domains of life, information conversion from RNA to 
protein (called translation) is performed by a large macromolecular machine called the 
ribosome. The ribosome, comprised mostly of RNA, reads the information encoded in an 
mRNA molecule, one codon at a time, and “translates” this information to synthesize the 
protein that the mRNA encodes. While on first glance, this process may seem rather 
simple; however, it requires the intricate interplay of many molecules including the 
ribosome, mRNAs, tRNAs, and other protein factors that all come together with precise 
timing to achieve regulated gene expression. 
The process of translation can be broken into four main phases: initiation, 
elongation, termination, and recycling (Figure 1). Translation is highly conserved 
between eukaryotes, bacteria, and archaea, although there are substantive differences as 
well. In this chapter, I will focus on eukaryotic translation, and in particular elongation, 
termination, and recycling. During initiation, many protein initiation factors (eIFs) guide 
the proper assembly of an 80S ribosome positioned at the AUG start codon with an 
initiator methionyl-tRNA bound in the P site. During elongation, this 80S ribosome 
moves processively along the mRNA, three nucleotides per step, synthesizing the 
encoded protein one amino acid at a time through the coordinated action of aminoacyl-
tRNAs and elongation factors (eEFs). At the end of the protein-coding region (also called 
an open reading frame, or ORF) the ribosome encounters a termination codon, which is 
specifically recognized by a set of protein factors called release factors (eRFs) that 
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promote the release of the nascent protein from the peptidyl-tRNA (and ultimately the 
ribosome). Finally, in the recycling phase, the terminated 80S ribosome is dissociated 
into separate 40S and 60S subunits to begin a new round of translation. 
In this chapter, I cover recent advances in our understanding of translation 
elongation, termination, and recycling. I outline our current understanding of the order 
and timing of events that occur at each phase of translation, paying particular attention to 
recently identified events or regulation that impact each phase, such as ribosome stalling 
during elongation, the role of mRNA-context in termination, and ribosome rescue. At the 
heart of each step is a kinetic decision that the ribosome must make: to translate or not to 
translate. In some cases, there are auxiliary factors that resolve pauses, such as eIF5A, 
while in other instances the ribosome may abandon the translation cycle altogether with 
the help of ribosome rescue factors Pelota:Hbs1L (yeast Dom34:Hbs1). These decisive 
moments can have a profound impact on the output from a particular mRNA, determining 
how much or which products might be produced. As with all processes, kinetics and 
thermodynamics driven by cellular concentrations of players in the process dictate 




The process of translation elongation begins immediately after initiation has taken 
place and an 80S ribosome is positioned at an AUG start codon with a methionyl-
tRNAiMet in the P site (Figure 2A). While I will not cover initiation in this chapter, a 
number of excellent reviews already exist on this topic (Hinnebusch, 2014; Hinnebusch 
and Lorsch, 2012; Jackson et al., 2010; Sonenberg and Hinnebusch, 2009). The 
eukaryotic elongation phase for the ribosome extends from the loading of the first 
aminoacyl-tRNA at the start of the ORF (after the initiation codon) until the ribosome 
reaches the termination codon at the end of the ORF, and is thought to be mostly 
conserved relative to bacterial elongation, as outlined below (Dever and Green, 2012; 
Voorhees and Ramakrishnan, 2013).  
Elongation begins with the tRNA selection process wherein the aminoacyl-tRNA 
that contains the proper anticodon to match the mRNA codon is loaded into the A site. 
Aminoacyl-tRNAs are delivered to the ribosomal A site by a specialized GTPase called 
eEF1A (EFTu in bacteria) in a ternary complex with GTP (Carvalho et al., 1984; Fischer 
et al., 2015; Pape et al., 1998; Shao et al., 2016). Once cognate interactions between the 
codon and anticodon are sensed, GTPase activation and hydrolysis take place, 
eEF1A:GDP is released from the ribosome, and the cognate tRNA is fully accommodated 
into the A site. From this position, the amine moiety of the amino acid on the aminoacyl-
tRNA nucleophilically attacks the aminoacyl ester linkage on the P (peptidyl)-site tRNA 
and the growing peptide chain is transferred to the aminoacyl-tRNA. As peptide bond 
formation occurs, the ribosomal subunits are thought to undergo rotation with respect to 
one another and the tRNAs adopt an altered conformation referred to as the hybrid states 
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of binding (P/E and A/P, respectively) – in this state, the anticodon end of the tRNAs 
remain positioned essentially in the P and A sites of the small subunit, while the acceptor 
ends of the tRNA are positioned in the E and P sites of the large subunit (Moazed and 
Noller, 1989). This rotated state of the ribosome becomes the substrate for the action of 
another specialized GTPase (eEF2; EFG in bacteria), which translocates the 
mRNA:tRNA complex relative to the ribosome, and returns the tRNAs and ribosome to 
their so called classical states (E/E and P/P, and un-rotated, respectively) (Ferguson et al., 
2015; Rodnina et al., 1997; Sengupta et al., 2008; Taylor et al., 2007). In addition to 
eEF1A and eEF2, an additional factor in fungi (called eEF3) has been shown to be 
essential for proper elongation, potentially by promoting tRNA release from the E site 
after translocation (Andersen et al., 2006; Triana-Alonso et al., 1995). This cycle is 
repeated over and over again until each codon has been translated and the full protein 
synthesized. 
As the ribosome elongates along an ORF, it can encounter a variety of 
problematic sequences that can negatively affect the process. First, certain amino acid 
combinations have been shown to stall the ribosome, either because of poor reaction 
kinetics or because the nascent polypeptide chain adopts inhibitory conformations in the 
exit tunnel. Other problems that the ribosome encounters include codon-based stalling 
events, which most typically occur when an mRNA includes a codon that is “rare,” and 
thus whose tRNA is underrepresented in the pool of available tRNAs. In other quite 
particular cases, the order in which certain codons appear is critical for stalling, 
suggestive of complexity in the interactions of certain tRNAs within the ribosome. 
Additionally, the ribosome may encounter mRNA secondary structure motifs (such as 
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stem loops or pseudoknots) or “slippery sequences” that can cause elongation arrest and 
frameshifting. In all of these cases, the ribosome has a decision to make: to continue or 
abort translation. Several of these challenging events are corrected by simply waiting – 
the ribosome stalls and waits until the proper factor or tRNA is delivered. In other cases, 
the ribosome undergoes a frameshifting event in order to resume translation, now in a 
different frame where the problematic sequence is no longer relevant. Below I review our 
current understanding of various elongation problems and how the ribosome or other 
factors are able to resolve these kinetic challenges and redirect the ribosome to ongoing 
translation.  
 
Amino acid stalling 
 During translation elongation, the ribosome is faced with the challenge of making 
400 unique dipeptide products within the same active site. This number comes from the 
combination of twenty different amino acids that can be found on the P- and A-site 
tRNAs. Unlike many molecular machines that are specific for one substrate or reactant, 
the ribosome must be flexible enough to allow for reactivity between these twenty 
substrates and twenty reactants in the face of peptidyl-tRNA structure that may result 
from higher order peptide structure. Over the course of decades of molecular biology and 
biochemical work, it has been established that while the ribosome is capable of making 
all 400 possible dipeptide linkages, not all reactions are equally favorable (Figure 2B). 
For example, proline is a unique “imino” acid where the reactive amine (of the amino 
acid) is found within a five-membered nitrogen-containing ring, and thus its 
nucleophilicity (as an acceptor in the A site) is substantially reduced (Pavlov et al., 2009; 
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Wohlgemuth et al., 2008). Additionally, because of entropic constraints, proline may not 
be an ideal donor substrate in the P site. As a result of these different negative 
contributions to catalysis, translation of Pro-Pro bonds is slow, and the addition of a third 
proline is even more dramatically challenging for the ribosome (Doerfel et al., 2013; 
Gutierrez et al., 2013; Ude et al., 2013). In addition to poor reactive chemistry in the 
actual peptidyl-transferase center, poly-proline structure inside the ribosome exit tunnel 
may make inhibitory interactions with tunnel residues, as has been identified for other 
ribosome stall sequences (Wilson et al., 2016). 
While poly-proline formation is kinetically slow, stretches of proline are found 
throughout eukaryotic genomes, and the encoded proteins are indeed translated. Initial 
work in E. coli identified a ribosome-interacting protein named EFP to be essential for 
resolving translation stalls at proline stretches (Doerfel et al., 2013; Glick et al., 1979; 
Glick and Ganoza, 1975; Ude et al., 2013). Shortly after this discovery, it was identified 
that eIF5A, the eukaryotic homolog of EFP, was also essential for the translation of poly-
proline sequences (Gutierrez et al., 2013). eIF5A is a small, highly abundant, and 
essential protein in eukaryotes, comprised of only 157 amino acids and containing a 
unique post-translational modification called hypusine (Park et al., 1981). eIF5A is a 
historical name given to this protein which was identified through fractionation of yeast 
lysate and an associated biochemical activity in stimulating a Met-Puromycin reaction 
(Benne and Hershey, 1978; Kemper et al., 1976; Schreier et al., 1977). In retrospect, this 
biochemical assay is more simply reflective of peptide bond formation than true 
initiation, and work from multiple groups over the past few decades has suggested that 
eIF5A’s predominant role in translation is in generally promoting elongation (Gregio et 
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al., 2009; Gutierrez et al., 2013; Henderson and Hershey, 2011; Saini et al., 2009). In any 
case, eIF5A was shown to be critical for the ribosome to overcome the kinetic defect of 
Pro-Pro bond formation, dependent on its unique hypusine modification (REF Gutierrez). 
Indeed, recent structural work suggests that this modification specifically helps to 
stabilize the conformation of the peptidyl-tRNA for nucleophilic attack by the A-site 
aminoacyl-tRNA (Melnikov et al., 2016; Schmidt et al., 2016).  
While stretches of three or more consecutive prolines are found in as few as 10% 
of yeast genes, it was initially argued that the essential nature of eIF5A derives from this 
specific function in translation (Gutierrez et al., 2013). However, more recent unbiased 
approaches to define the in vivo function of eIF5A by ribosome profiling revealed 
significant pausing across a wide spectrum of amino acid motifs, including in particular 
those containing proline, aspartic acid, glycine, alanine, valine, and isoleucine residues 
(Pelechano and Alepuz, 2017; Schuller et al., 2017). Experiments using an in vitro 
reconstituted translation system verified that eIF5A is critical for the translation of all 
sequences tested, including those containing the most problematic and the least 
problematic amino acids (Schuller et al., 2017). These data together suggested that eIF5A 
is a universal translation factor that functions during the formation of each peptide bond, 
increasing the processivity and efficiency of the overall process (Figure 2A-B).  
These findings also suggest a critical role for the ribosome E site as a sensor of 
ribosome kinetics. After peptide bond formation and translocation, the deacylated tRNA 
is shifted to the ribosome E site, and the A site is then open for decoding. Following 
accommodation of the next aminoacyl-tRNA, the deacylated tRNA is released from the E 
site (Gnirke et al., 1989). In the case of slow peptide bond formation (such as Pro-Pro), 
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this aminoacyl-tRNA would remain unreacted, but the E site would be available for 
eIF5A binding to promote peptide bond formation. In this way, the unoccupied E site is a 




 In addition to particular amino acids causing translation elongation problems, 
ribosome stalling can also occur when the ribosome encounters specific “rare” or 
“suboptimal” codons in the open-reading frame (Figure 2C) (Plotkin and Kudla, 2011; 
Quax et al., 2015). The idea of “rare” codons has been discussed in the translation field 
for many years (Ikemura and Ozeki, 1983), and it has been observed that organisms 
preferentially use certain codons relative to others to encode a particular amino acid 
(Ikemura and Ozeki, 1983; Plotkin and Kudla, 2011; Quax et al., 2015). A particular 
codon’s “optimality” is essentially a reflection of that codon’s usage in the transcriptome 
and the availability of the corresponding tRNA for use by translating ribosomes (dos Reis 
et al., 2004; Pechmann and Frydman, 2013; Sharp and Li, 1987). Codons that are 
“optimal” on this scale have a readily available pool of tRNAs for translation elongation; 
conversely, “suboptimal” or “rare” codons have a limited supply of the corresponding 
tRNA for translation. Translation stalls at these codons can result from two distinct 
routes: 1) low cognate tRNA levels (Dana and Tuller, 2014; Gardin et al., 2014; Ikemura 
and Ozeki, 1983) or 2) poor aminoacylation by the corresponding aminoacyl-tRNA 
synthetase and therefore a reduction in the cognate aminoacyl-tRNA level (Elf et al., 
2003).  In both cases the ribosome attempts to decode the A site codon but does not 
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receive the cognate aminoacyl-tRNA, thereby creating an open A site (and translation 
arrest). 
Over the past decade, several groups have identified a correlation between the 
collective “optimality” of an mRNA (e.g. the average optimality of codons over the entire 
ORF) and translation rate (Dana and Tuller, 2014; Gardin et al., 2014; Yu et al., 2015). 
Other work has identified correlations between optimality and mRNA stability (a more 
in-depth discussion of this can be found elsewhere (Hanson and Coller, 2017)). The 
impact of a “suboptimal” codon derives from a kinetic barrier that the ribosome faces 
when the limiting tRNA leaves the A site unoccupied. At this delay, the ribosome may 
stall until the proper tRNA is delivered to the A site, or until a near- or non-cognate 
tRNA is delivered and a non-canonical event occurs in order to proceed (such as 
frameshifting) (Gallant and Lindsley, 1998; Gurvich et al., 2005; Kane, 1995; Temperley 
et al., 2010), or the ribosome may be targeted for downstream quality control (Graille and 
Seraphin, 2012) .  
 Distinct from “rare” codon-based stalling, translation elongation can also be 
impacted by the particular order of codons, even when one or both of them is not “rare.” 
A recent study using FACS analysis with a randomized GFP library containing three 
adjacent, random codons identified 17 different codon pairs that inhibited translation 
(Gamble et al., 2016). In some cases, this inhibition could be explained by the low 
abundance of a particular tRNA or by inefficient wobble decoding by the tRNA. In other 
instances, the authors observed that the particular order of a codon pair impacts whether 
it permits or precludes optimal translation (Figure 2D). For a set of twelve codon pairs, 
the GFP output of each pair was compared to an optimal pair of the same amino acid 
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composition, and it was discovered that certain codon orders are inhibitory to translation 
compared to their reverse order counterparts. For example, the pair CUC-CCG (Leu-Pro) 
was strongly inhibitory compared to the optimal, non-inhibitory UUG-CCA (Leu-Pro). 
Moreover, in the reverse order, CCG-CUC (Pro-Leu) is not inhibitory, but just as 
“optimal” as the control CCA-UUG (Pro-Leu). These observations are suggestive of 
subtle coordination between the P and A site tRNAs during elongation, and highlight the 
incredible complexity of the genetic code. Further investigation into the mechanism of 
this communication and how the ribosome or other translational machinery is critical for 
resolving this type of elongation stall will be an interesting source of continued 
exploration. 
 
mRNA structure-based stalling  
 Another problematic circumstance the ribosome may face during translation 
elongation is the presence of mRNA secondary structure in an mRNA. The presence of 
an RNA stem loop or pseudoknot structure has been shown to cause translation stalling. 
In a subset of these circumstances, structure in the mRNA has evolved such that the 
ribosome is found at a “slippery sequence,” such as AAAAAAG, that in turn can promote 
ribosome frameshifting (Belew et al., 2014; Biswas et al., 2004; Caliskan et al., 2017; 
Namy et al., 2006; Yan et al., 2015). These endogenous events that are clearly beneficial 
to the system are referred to as programmed ribosomal frameshifting (PRF) (Dinman, 
2012). While the ribosome stall in PRF is similar to that of other elongation stalls 
discussed earlier, this circumstance is unique in that it is advantageous for the desired 
gene expression outcome. 
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Viruses are common users of PRF, allowing them to more efficiently pack 
information into their genome as their size is often restricted by capsid size. Often, 
viruses use PRF to control the ratio of structural and enzymatic proteins being translated, 
such as the case of HIV-1 where a -1 PRF helps to control the relative ratios of Gag and 
Gag-Pol synthesis for proper viral particle replication and assembly (Jacks et al., 1988). 
The HIV-1 PRF signal is comprised of two parts: a downstream mRNA stem loop 
structure and a “slippery site” that is U-rich (Biswas et al., 2004). The mRNA structure 
leads to ribosome stalling over the slippery site, the slowed kinetics increasing the 
likelihood of a frameshift event that permits translation of the downstream, out-of-frame 
pol gene. Yet again the ribosome is faced with a kinetic difficulty (in this case a large 
RNA stem-loop), but in a fashion distinct from other stalling events, PRF leads to a 






The process of translation termination begins when the ribosome encounters a 
termination codon in the ribosomal A site (Figure 3A) (Dever and Green, 2012). In 
eukaryotes, termination is encoded by three codons: UAA, UAG, and UGA, all of which 
are recognized by the eukaryotic release factor eRF1. The overall shape and size of eRF1 
is strikingly similar to that of a tRNA (expected of something that binds the same site) 
with two distinct functional ends. First, like tRNA, eRF1 contains a structural motif that 
recognizes with high specificity all three termination codons (called NIKS motif) (Brown 
et al., 2015; des Georges et al., 2014; Frolova et al., 1994; Matheisl et al., 2015; Song et 
al., 2000). Second, like tRNA, eRF1 has precisely positioned GGQ motif that extends 
into the peptidyl transferase center to promote catalysis. And, finally, like tRNA, eRF1 is 
delivered to the ribosomal A site by a specialized GTPase called eRF3 (Frolova et al., 
1996) that is related to EFTu. While structurally distinct from eEF1A (Kong et al., 2004), 
eRF3 is required for multiple turnover reactivity of eRF1, and it delivers eRF1 to the 
ribosome in a GTPase-dependent manner (Alkalaeva et al., 2006; Eyler et al., 2013; 
Salas-Marco and Bedwell, 2004). Once eRF3 delivers eRF1 to the ribosomal A site, the 
eRF1 GGQ motif coordinates a water molecule at the ribosome peptidyl-transferase 
center that will hydrolyze the P-site peptidyl-tRNA (Frolova et al., 1999). Upon release 
of the peptide, the process of translation termination is complete.  
Recent structural work has revealed that eRF1 not only interacts with the three 
nucleotides of the termination codon, but also with the +4 nucleotide of this sequence 
(Brown et al., 2015; Matheisl et al., 2015); these structural observations are nicely 
consistent with the observation from ribosome profiling that the ribosome protected 
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fragment (RPF) size is one nucleotide longer at stop codons (Ingolia et al., 2011). The 
dependence of termination specificity on a fourth nucleotide was established years ago 
using computational methods (Brown et al., 1990) and more recently using reporter 
mRNAs in yeast (Bonetti et al., 1995) and mammalian cells (Floquet et al., 2012). These 
studies revealed that particular termination codons (and +4 nucleotide identities) were 
more or less likely to promote translation read-through, suggesting a more complicated 
code for termination than the simple three-nucleotide codon.  “Weaker” termination 
codons (such as UGA/C) caused increased ribosome read-through events, presumably by 
incorporation of near-cognate aminoacyl-tRNA or by frameshifting, compared to a 
“stronger” termination codon (UAA/G). Taken together, while all three stop codons can 
elicit translation termination, the +4 nucleotide position creates an added level of 
termination regulation in the mRNA coding sequence and could have effects on overall 
gene expression regulation or lead to unique C-terminal protein extensions (Arribere et 
al., 2016; Schueren and Thoms, 2016).  
While there are many broad similarities between translation termination and 
elongation, an additional similarity comes from the influence of eIF5A. From a 
biochemical mechanism standpoint, translation termination and elongation are quite 
similar: in the case of peptidyl-transfer, a nucleophilic attack occurs by the amino acid 
conjugated on the incoming A-site tRNA while in termination, nucleophilic attack occurs 
by the water molecule coordinated by the GGQ motif eRF1 (Figure 3B). From a kinetic 
standpoint, it has been shown that the rate of peptidyl-release is much slower than the rate 
of peptidyl-transfer (Youngman et al., 2004), potentially because the water molecule is a 
worse nucleophile than most amino acids. In a recent study, I found that eIF5A strongly 
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enhanced the rate of both peptidyl-transfer and peptidyl-release (Schuller et al., 2017). As 
the chemistry of these two events is quite similar, it is not surprising that this is the case; 
however it does highlight the fact that translation termination is kinetically slow 
compared to elongation and further suggests a role for the E site as a sensor of ribosome 
kinetics. In this case, termination is kinetically slow, the E site is unoccupied, and eIF5A 
can bind to stimulate peptidyl-release. Taken together with its great abundance (>273,000 
copies per cell in yeast; (Kulak et al., 2014)) and high affinity for ribosomes (Rossi et al., 
2016), eIF5A is likely present on most (if not all) ribosomes throughout translation. 
 
mRNA-context controls termination 
 While the specifics of eRF1:eRF3 binding at the ribosomal A site, and the 
mechanism of peptidyl-release have been well determined, recent work has begun to shed 
light on more subtle specification of the termination process. As previously mentioned, 
the +4 nucleotide interactions between eRF1 and the mRNA termination codon suggest 
added gene expression complexity at the mRNA coding sequence. If certain stop codons 
allow for frameshifting or mis-incorporation more frequently, you could imagine that this 
could produce alternative C-termini on proteins which could in turn affect functionality 
or stability (Arribere et al., 2016; Schueren and Thoms, 2016). At the heart of such 
events, as with the others I have reviewed, is a kinetic delay that the ribosome encounters. 
For instance, a weak termination codon (UGA/C for example) could recruit eRF1 less 
efficiently, causing the ribosome to spend more time with an empty A site. At this point 
the ribosome has two options: 1) to wait for eRF1:eRF3 or 2) to undergo frameshifting or 
mis-incorporation events to continue translating (Roy et al., 2015). This decision could be 
	 15	
influenced by other factors, such as eRF1 concentrations or GTP availability for eRF3, 
but in either case has profound repercussions for the protein being translated. 
While this first example relies on direct eRF1:ribosome interactions, it is also 
possible that other proteins, including mRNA binding proteins, could affect the 
termination process through interactions with release factors or the ribosome. Recent 
work on the poly(A)-binding protein (PABP) has suggested a potential influence on the 
efficiency of termination. Biochemical interactions between PABP and the N-terminus of 
eRF3 have been documented in the literature for many years (Hoshino et al., 1999; 
Ivanov et al., 2008) though the consequence of this interaction was unclear. Using an in 
vitro reconstituted termination system, it was recently shown that PABP can directly 
promote the recruitment of eRF1:eRF3 to a terminating ribosome (Ivanov et al., 2016). 
One hypothesized consequence of the PABP:eRF3 interaction was that it could lead to an 
increase in localized eRF1:eRF3 concentration near the terminating ribosome (and 
therefore more efficient termination). This study, however, found that PABP promoted 
recruitment of eRF1:eRF3 to the ribosome independent of mRNA-binding activity, 
suggesting PABP may influence the conformation of eRF1:eRF3 on the ribosome. 
Indeed, other in vitro studies have shown that stop codon recognition is a two-step 
process, potentially including a conformational change in the ribosome (Alkalaeva et al., 
2006; Kryuchkova et al., 2013). 
Additional connections between PABP and termination come from investigations 
of the nonsense-mediated decay (NMD) pathway in eukaryotes. NMD is a cellular 
quality control pathway that that contain what is broadly referred to as a premature 
termination codon (PTC) dependent on the three conserved Upf proteins: Upf1, Upf2, 
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and Upf3 (Kervestin and Jacobson, 2012; Popp and Maquat, 2013). These mRNAs are 
created by multiple routes: genes may carry a mutation that results in a PTC (Holbrook et 
al., 2004), inefficient splicing may lead to export of a pre-mRNA with a PTC (almost 
inevitably) encoded in the intron (He et al., 1993; Mitrovich and Anderson, 2000), or the 
stop codons of upstream open reading frames (Mendell et al., 2004; Welch and Jacobson, 
1999) and non-coding RNAs (Marquardt et al., 2011; Smith et al., 2014) can be sensed as 
PTCs. 
In many eukaryotes, the presence of a termination codon upstream of an exon-
junction complex (EJC; a large protein complex deposited at splice junctions) is known 
to be a strong signal for NMD (Le Hir et al., 2001). Upf2 has been shown to interact with 
components of the EJC and Upf1 (Le Hir et al., 2001; Melero et al., 2012), potentially 
recruiting Upf1 to a nearby terminating ribosome to signal NMD. However, some 
organisms that lack an EJC (such as S. cerevisiae) have robust NMD, suggesting a more 
common mechanism than direct recruitment by the EJC.  
This common thread may be mediated by poly(A)-binding protein (PABP) as it 
has been shown to affect NMD efficiency (Amrani et al., 2004). As PABP has been 
shown to stimulate translation termination directly (Ivanov et al., 2016), it is possible that 
the distance between the PTC and PABP can determine whether the mRNA undergoes 
NMD or not. In fact, PTCs located near the 3’end of open-reading frames have been 
shown to be weaker substrates for NMD (ie. the mRNAs are more-stable).  
Taken together these ideas suggest a potential common mechanism between 
context-based termination and NMD (Figure 4). If a termination codon is located 
sufficiently close to PABP (or other 3’UTR binding proteins), the ribosome would 
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terminate efficiently, and the mRNA remain stable. If a termination codon were 
premature (and far from PABP), termination would be inefficient, leading to ribosome 
stalling and recruitment of NMD machinery potentially influenced also by the presence 
of an EJC.  
The idea that mRNA context (both sequence and protein-context) can impact 
translation termination has recently come into the limelight with the discovery of ciliate 
and trypanosomal organisms that use the canonical termination codons (all of them) to 
code for amino acids at certain sites and as true termination codons at other sites (Heaphy 
et al., 2016; Lobanov et al., 2017; Swart et al., 2016; Zahonova et al., 2016). For some of 
these organisms, transcriptome sequencing revealed that the canonical termination 
codons could be simply used to encode amino acids as there are “cognate” tRNAs for the 
termination codons encoded in their genome. Further observations by bioinformatics and 
the use of ribosome profiling created a model where the termination codon (UAA, UAG, 
UGA) is used to encode an amino acid unless it is located sufficiently close to the mRNA 
poly(A) tail (and presumably PABP) (Figure 3C) (Heaphy et al., 2016; Lobanov et al., 
2017; Swart et al., 2016). The strongest support for model comes from the fact that many 
mRNAs in these organisms contain short (or nonexistent) 3’UTRs, however a direct 






At the end of termination, the 80S ribosome (now containing only a deacylated-
tRNA in the P site) must be recycled into 40S and 60S subunits before beginning the next 
round of initiation (Figure 5A). Subunit recycling is accomplished by the ribosome-
recycling factor ABCE1 (ATP-binding cassette protein E1; also called Rli1 in S. 
cerevisiae). ABCE1 is an essential protein in all eukarya, containing two nucleotide-
binding domains (NBDs) and an N-terminal iron-sulfur (FeS) cluster (Karcher et al., 
2008). Using the force of ATP-binding and hydrolysis, ABCE1 dissociates the post-
termination ribosome into 40S and 60S subunits with the coordination of release factor 
eRF1 (Barthelme et al., 2011; Pisarev et al., 2010; Shoemaker and Green, 2011). In S. 
cerevisiae, there is also data that suggests ABCE1:eRF1 interactions couple translation 
termination and recycling, as ABCE1 was found to stimulate the actual catalytic activity 
of eRF1 (Shoemaker and Green, 2011).  
Ribosome profiling experiments in an ABCE1-depletion strain have confirmed 
this role in subunit recycling in vivo, and highlight the consequence of improper 
recycling: translation reinitiation in the 3’UTR (Young et al., 2015). Upon ABCE1 
depletion, increased ribosome occupancy was observed both at the termination codon 
(suggestive of a defect in termination/recycling) and downstream in the 3’UTR. 
Additional experiments using amino acid starvation and reporter constructs revealed that 
these downstream ribosomes were indeed translating, having reinitiated near the main 
ORF stop codon, sometimes in a different frame. These data suggested that unrecycled 
80S ribosomes act similarly to those stalled in elongation with an empty A site (Figure 
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2C). In both cases, the ribosome resolves this problem by frameshifting to return to 
elongation. 
While the role of ABCE1 in recycling is clearly critical to the translation process, 
before ABCE1 was discovered to function in recycling it was implicated in translation 
initiation. Work from several labs identified interactions between ABCE1 and initiation 
factors including eIF2α, eIF2, eIF3, and eIF5 (Andersen and Leevers, 2007; Chen et al., 
2006; Dong et al., 2004). Additionally, it was observed that ABCE1 sediments with 40S 
subunits in a sucrose gradient dependent on the ATPase activity (Andersen and Leevers, 
2007; Dong et al., 2004). Finally, in yeast, genetic depletion of ABCE1 was found using 
polysome analysis to cause impaired assembly of ribosome pre-initiation complexes, and 
led to overall reduced rates of bulk translation initiation as observed by a reduction in 
polysomes (Dong et al., 2004). As the process of ribosome recycling happens 
immediately upstream of initiation in the translation cycle, it has been plausible that 
ABCE1 plays important functional roles in both events. 
Recent structural data for ABCE1 bound to 80S ribosomes (Brown et al., 2015; 
Preis et al., 2014) and 40S subunits (Heuer et al., 2017) has provided the field with a 
detailed view of how ABCE1 may function to stimulate ribosome recycling and recruit 
translation initiation machinery for the next round of translation. In the 80S:ABCE1 pre-
splitting structure, the ABCE1 FeS cluster is found positioned in the ribosomal A site, 
making direct contacts with the eRF1 C-terminal domain (Brown et al., 2015; Preis et al., 
2014). In a post-splitting 40S:ABCE1 structure, the FeS cluster adopts a completely 
different conformation, rotated approximately 150 degrees from the pre-splitting state 
(Heuer et al., 2017). Superposition of these structures suggests that, during splitting, the 
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FeS cluster movement (likely coordinated by ATP binding or hydrolysis) forces eRF1 
deeper into the inter-subunit space of the ribosome, thereby causing dissociation of the 
subunits. After splitting, the position assumed by the FeS cluster would clash with uL14 
of the 60S subunit, thereby preventing 60S rejoining and ensuring proper recycling. 
A 40S:ABCE1 state was also observed in a different study that presented the 
structure of a 48S pre-initiation complex from mammalian cells (Simonetti et al., 2016). 
While the ABCE1 density in this structure was originally attributed to eIF3i and g, it has 
since been corrected as ABCE1 (Mancera-Martinez et al., 2017). As this structure 
includes other members of the pre-initiation complex, including subunits of eIF2 and 
eIF3, it seems likely that ABCE1 might play a dual-role in promoting ribosome recycling 
and re-initiation through initial interactions with the 80S ribosome and downstream more 
specific interactions with the 40S subunit. Further mechanistic and structural studies will 
be required to fully understand these connections. 
 
Ribosome Rescue 
 As the ribosome faces problematic encounters throughout translation, it can 
resolve these issues in a productive manner (as discussed throughout this chapter), or a 
process known as ribosome rescue may be required as a last resort. In eukaryotes, there is 
a complex set of systems that target the improper proteins resulting from translation 
arrest, degrade the problematic mRNAs, and rescue ribosomes (Graille and Seraphin, 
2012; Nurenberg and Tampe, 2013; Shoemaker and Green, 2012). Here I will focus on 
ribosome rescue and its mechanism, much of which is shared with ribosome recycling. 
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 Early genetic studies in yeast identified the gene DOM34 as critical for selective 
degradation of a stemloop-containing mRNA in the No-Go decay (NGD) pathway (Doma 
and Parker, 2006). While I will not discuss NGD in depth, NGD is a broadly defined 
mRNA quality control pathway that degrades mRNAs with sequence features that inhibit 
translation (Shoemaker and Green, 2012). Biochemical work using an in vitro 
reconstituted translation system identified that Dom34 (and associated GTPase Hbs1) 
functioned to dissociate ribosome subunits independent of peptidyl-release (Shoemaker et 
al., 2010). Dom34 (Pelota in mammals) is structurally homologous to eRF1 (Graille et 
al., 2008; Lee et al., 2007) with three important exceptions: 1) it does not contain the 
NIKS motif for stop codon recognition, 2) it does not contain the GGQ motif for 
peptidyl-hydrolysis, and 3) it is delivered to the ribosome by a distinct GTPase called 
Hbs1 (Carr-Schmid et al., 2002; Chen et al., 2010). These structural differences create a 
unique role for Pelota, allowing it to bind in the A site of ribosomes in a codon 
independent manner and rescue ribosomes without releasing the peptide chain (as eRF1 
does).  
In the cell, ribosome profiling experiments using a Dom34 knockout strain 
revealed that Dom34 functions to rescue ribosomes found in the 3’UTR or the poly(A) 
tail, or at the end of truncated mRNAs resulting from endonucleolytic cleavage (Figure 
5B) (Guydosh and Green, 2014, 2017). Additional experiments combining ABCE1 
depletion and Dom34 overexpression further elucidated this connection between 
impaired ribosome recycling and Dom34-mediated ribosome rescue (Young et al., 2015). 
This functional evidence is not limited to ribosome profiling, but also is supported by 
genetic studies using truncated mRNA reporter constructs that connect Dom34:Hbs1 to 
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the NGD pathway that recognizes ribosomes stalled at the 3’ ends of truncated mRNAs 
(Tsuboi et al., 2012). Taken together these observations suggest a general role for Dom34 
to rescue or “clean-up” ribosomes when they translate into regions they should not, 
including 3’UTRs, and poly(A) tails, or when the ribosome simply cannot translate any 
further on a truncated message. 
Though mechanistically different, Dom34 and eRF1 both interact with ABCE1 in 
order to achieve full kinetic activity. Although Dom34 is sufficient to promote subunit 
dissociation in vitro (Shoemaker et al., 2010), it was observed that ABCE1 greatly 
enhanced the rate of subunit recycling (Pisareva et al., 2011; Shoemaker and Green, 
2011) using the same force of ATP-binding and hydrolysis as in coordination with eRF1. 
This coordination was also observed in S. cerevisiae (Rli1:Dom34) where these proteins 
were shown to recycle inactive 80S ribosomes bound by Stm1 (Figure 5C) (van den 
Elzen et al., 2014). Stm1 is a small protein that binds in the mRNA channel at the 80S 
subunit interface upon glucose deprivation, and causes the formation of vacant, inactive 
80S ribosomes. These inactive ribosomes cause a decrease in the cytoplasmic pool of 
available ribosomes for translation initiation, and lead to the specific translation of stress 
response genes that assist the cell during this stress. Mechanistically, Stm1-bound 
ribosomes are very similar to those found at the end of a truncated mRNA, with an open 
A site available for Pelota to bind. 
 Although this function for Dom34 (Pelota in mammals) in rescuing aberrant 
translation products or stalls may seem simply as a “clean-up” mechanism for the cell, 
this ABCE1:Pelota activity has also been shown to be critical for ribosome homeostasis 
and translational output in certain blood cell lineages. A recent study discovered that 
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during K562 differentiation (upon addition of hemin), the levels of ABCE1 decrease, 
concomitant with an increase in 3’UTR ribosomes which are not properly recycled 
(Figure 6) (Mills et al., 2016). During the initial phase of ABCE1 loss as the cells 
differentiate toward erythrocytes, the cells quickly upregulate the ribosome rescue factor 
Pelota which allows for increased recycling of the 3’UTR ribosomes, and translational 
reprogramming to synthesize hemoglobin. However, as erythrocytes are enucleate cells, 
they are not able to produce more ribosomes or rescue factors to continuously account for 
this loss of recycling activity. This creates a situation where Pelota:Hbs1L levels decrease 
over time from standard protein degradation pathways, and 3’UTR ribosomes are again 
accumulated. Without ABCE1 or Pelota to recycle ribosomes, this 3’UTR accumulation 
eventually leads to a global translation defect and a trend toward decreased hemoglobin 
output after 10 days (on the order of the life-span of a red blood cell) (Shemin and 
Rittenberg, 1946). 
This study further sought to understand the effect of ribosome rescue factors when 
there is a cellular perturbation on the available ribosome pool. “Ribosomopathies” are a 
heterogeneous set of diseases that result from perturbations in ribosome homeostasis, 
such as the loss of a ribosomal protein, that can present as hematopoietic dysfunction 
(Narla and Ebert, 2010). Diamond-Blackfan Anemia is a well-documented 
“ribosomopathy” that results from the heterozygous loss of ribosomal protein rpS19, and 
is associated with a reduced erythroid progenitor cell population (Draptchinskaia et al., 
1999). Mills et al. tested the connection between ribosome rescue factors and the loss of 
rpS19, finding that overexpression of Pelota:Hbs1L was required to rescue the global 
translational defect caused by rpS19 depletion (and associated depletion of the total 
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cellular ribosome pool). These results suggest that a critical regulation of ribosome rescue 
factors to rescue 3’UTR ribosomes (resulting from improper or overwhelmed rescue 
machinery) is important to maintain a well-equipped cytoplasmic pool of active 







 While the ribosome was discovered more than sixty years ago and the genetic 
code completed in 1966, the field continues to unravel the complexity of translation and 
gene expression regulation that exists beyond the simple three-letter codon. As the 
ribosome proceeds through the phases of translation (Figure 1), it is forced to make many 
decisions, each determined by many factors, but what unites these influences is their 
impact on kinetics.  
During elongation (Figure 2), the ribosome must work to synthesize the peptide 
encoded by the mRNA codons, even when particular sequences of amino acids, codons, 
or interactions between tRNAs impose kinetic barriers. In some instances, the cell has 
evolved intricate machinery to promote faster translation kinetics (eIF5A, for example), 
while in others, the cellular mechanism to resolve these kinetic defects remains unknown. 
For instance, the discovery of specific tRNA/codon pairs that inhibit translation 
elongation remains quite puzzling. What is it about these particular pairs elicits a 
translation arrest by the ribosome? And why does the order of the tRNA/codon pair 
matter? Moving forward, it will be important to better understand the communication 
between the ribosomal P and A sites during elongation, and how both codons and tRNAs 
between sites communicate with the ribosome. Additionally, the role of the ribosome E 
site remains to be fully defined. The global stimulatory factor eIF5A must compete with 
E-site tRNA for binding and stimulation of peptide bond formation. In this way, the 
occupancy of the E site could be an indicator of the translation elongation rate at a 
particular site in the coding sequence. Deeper investigation into the coordination of the E, 
P, and A sites using careful biochemical or single-molecule approaches should provide a 
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deeper understanding of the dynamics during these elongation stalls, and their influence 
on gene expression regulation.  
 Translation termination (Figure 3) is also a rich area for continued exploration. 
What are the determinants of stop codon recognition beyond a single codon, for example, 
as specified by local mRNP (messenger ribonucleoprotein) composition? Recent studies 
in organisms that use termination codons for both coding and termination functions 
(sense and nonsense) has led to increased interest in models where termination is guided 
by the mRNP context near the termination codon. One potential candidate that may 
directly stimulate termination is the poly(A)-binding protein (PABP) (Ivanov et al., 
2016). While both computational and biochemical approaches have begun to characterize 
the diverse collection of mRNA binding proteins in the cell (Castello et al., 2012; Van 
Nostrand et al., 2017), we still have very little idea as to the composition of a single 
mRNP, and how this composition varies from mRNA to mRNA (or even varies between 
two mRNAs encoding the same gene). A more thorough investigation using both 
proteomic and single-molecule approaches to define an “mRNP-code” will provide 
insight into the communication between the ribosome, translation factors, and these 
mRNPs as they relate to translation.  
 Finally, although the phase of ribosome recycling (Figure 5) is reasonably well-
determined biochemically and structurally, potential connections between recycling and 
re-initiation through ABCE1 remain particularly exciting. Although there is some 
evidence to suggest a role for ABCE1 in connecting these two translation events, how 
ABCE1 works to recruit initiation factors and promote pre-initiation complex assembly 
remains to be determined. Given all of these areas for further investigation, and the 
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constant discovery of new regulatory factors and sequence elements that modulate 







Figure 1. Overview of the eukaryotic translation cycle 
The general process of translation begins with initiation where a complex coordination of 
many initiation factors (eIFs), initiator tRNA (Met-tRNAiMet), the ribosomal subunits and 
mRNA to be translated come together at the AUG start codon of the open reading frame. 
Next, elongation allows for synthesis of the peptide chain through the efforts of 
elongation factors (eEFs) and aminoacyl-tRNAs (aa-tRNAs) until the ribosome reaches a 
termination or stop codon. In this termination phase the peptide is released with the help 
of specialized release factors (eRFs). Finally, the ribosome subunits must be recycled for 
a subsequent round of translation by the recycling factor ABCE1. 
 
Figure 2. Translation elongation and various ribosome stalling events  
(A) Overview of translation elongation. Aminoacyl-tRNAs are delivered to the ribosome 
in complex with eEF1A and GTP. Subsequent translocation by eEF2 causes tRNA 
repositioning from a hybrid state to classical state, creating an open A site for the next aa-
tRNA. (B) Ribosome stalling due to slow peptidyl-transfer kinetics is rescued by eIF5A. 
(C) The use of a rare codon in the mRNA can cause ribosome stalling which can lead to 
mis-incorporation or frameshifting. (D) Certain tRNAs/codon pair orders can ribosome 
cause ribosome stalling. (E) mRNA secondary structure elements can cause ribosome 





Figure 3. Translation termination the role of mRNA context  
(A) Overview of translation termination. When the ribosome encounters a termination 
codon, release factor eRF1 is delivered by eRF3 to coordinate peptidyl-hydrolysis at the 
ribosome active site. (B) Comparison of peptidyl-transfer chemistry by aminoacyl-tRNAs 
and peptidyl-release by an eRF1-coordinated water molecule in the ribosome active site. 
(C) RNA-binding proteins (RBPs) such as PABP can affect translation termination and 
lead to efficient peptide release, or if they are not present can cause inefficient release 
which in-turn leads to near-cognate incorporation or frameshifting. 
 
Figure 4. Connections between NMD and contextual termination 
A potential common mechanism between context-based termination and NMD involves 
the location of poly(A)-binding protein (PABP) or other mRNA-binding proteins in 
relation to the termination codon. In certain contexts, the termination codon would lead to 
proper termination and peptidyl-release. In other contexts, such as increased distance to 










Figure 5. Ribosome recycling and rescue 
(A) Overview of ribosome recycling by ABCE1. ABCE1 binds to 80S ribosomes loaded 
with eRF1 and uses the power of ATP-binding and hydrolysis to dissociate ribosomal 
subunits. ABCE1 remains bound to the 40S subunit where it functions to stimulate 
subsequent translation initiation steps. (B) Ribosome rescue by ABCE1:Pelota releases 
stalled ribosomes due to endonucleolytic cleavage or ribosomes found in 3’UTRs. (C) 
Inactive, Stm1-bound 80S ribosomes can be rescued by ABCE1:Pelota to re-enter the 
cytoplasmic pool of translating ribosomes. 
 
Figure 6. Recycling defects and implications in human disease 
Dynamic regulation of ribosome rescue factors ABCE1 and Pelota is critical for ribosome 
homeostasis and translational output in blood cell lineages. During the initial phase of 
ABCE1 loss as the cells differentiate toward erythrocytes, the cells quickly upregulate the 
ribosome rescue factor Pelota which allows for increased recycling of the 3’UTR 
ribosomes, and translational reprogramming to synthesize hemoglobin. As the cells 
continue differentiation, Pelota:Hbs1L levels decrease over time from standard protein 
degradation pathways, 3’UTR ribosomes are again accumulated, and this 3’UTR 
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The eukaryotic translation factor eIF5A, originally identified as an initiation 
factor, was later shown to promote translation elongation of iterated proline sequences. 
Using a combination of ribosome profiling and in vitro biochemistry, we report a much 
broader role for eIF5A in elongation and uncover a critical function for eIF5A in 
termination. Ribosome profiling of an eIF5A-depleted strain reveals a global elongation 
defect, with abundant ribosomes stalling at many sequences, not limited to proline 
stretches. Our data also show ribosome accumulation at stop codons and in the 3’-UTR, 
suggesting a global defect in termination in the absence of eIF5A. Using an in vitro 
reconstituted translation system, we find that eIF5A strongly promotes the translation of 
the stalling sequences identified by profiling and increases the rate of peptidyl-tRNA 
hydrolysis more than 17-fold. We conclude that eIF5A functions broadly in elongation 
and termination, rationalizing its high cellular abundance and essential nature. 
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 In addition to the core set of factors required for protein synthesis, many auxiliary 
proteins stimulate specific processes in the translation cycle. One such protein, eIF5A, 
was originally identified nearly 40 years ago as a factor that stimulates formation of the 
first peptide bond between Met-tRNA and puromycin (Benne and Hershey, 1978; 
Kemper et al., 1976; Schreier et al., 1977). More recent work from several groups 
identified eIF5A as having a more general role in elongation by conditionally depleting 
eIF5A from yeast cells in vivo and performing polysome analyses and ribosome transit 
measurements (Gregio et al., 2009; Henderson and Hershey, 2011; Saini et al., 2009). 
eIF5A is an essential gene in eukaryotes and the nature of its critical cellular function has 
been a subject of ongoing exploration. 
eIF5A is a small, highly-expressed protein containing only 157 amino acids and is 
post-translationally modified with hypusine at a conserved lysine residue (Dever et al., 
2014; Park et al., 1981). This hypusine modification is critical for eIF5A function in vivo 
and in assays of Met-Puromycin formation (Park et al., 2011; Park, 1989; Park et al., 
1991; Saini et al., 2009). Recent biochemical work with the bacterial homolog of eIF5A, 
called EFP, revealed that EFP functions to promote the translation of polyproline 
containing peptides that stall the ribosome (in addition to Met-Puromycin formation) 
(Doerfel et al., 2013; Glick et al., 1979; Glick and Ganoza, 1975; Ude et al., 2013). 
Proline residues were shown to be poor substrates for peptide bond formation, likely due 
to the unique geometry that they assume, thereby leading to slower ribosome elongation 
(Pavlov et al., 2009; Wohlgemuth et al., 2008). Subsequent work showed that eIF5A 
similarly stimulates translation of polyproline peptides (with as few as two prolines) in 
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eukaryotes and that this function is highly dependent on its hypusine modification 
(Gutierrez et al., 2013).  
While EFP and eIF5A appear to have similar biochemical functions in translation 
elongation, the essential nature of eIF5A in eukaryotic cells remains poorly understood. 
Given the documented role in polyproline synthesis and that approximately 10% of yeast 
genes contain stretches of three or more consecutive proline residues (and 95 proteins in 
yeast contain four or more consecutive Pro residues as compared with only 9 in E. coli 
(Doerfel et al., 2013)), it was rationalized that the global defect in elongation observed 
upon eIF5A depletion (Saini et al., 2009) resulted from defects in translation mediated by 
polyproline motifs (Gutierrez et al., 2013). These bioinformatic data led to the suggestion 
that eIF5A is essential in eukaryotes because of the relative abundance of polyproline 
motifs in these organisms. 
Here we explore the in vivo and in vitro function of eIF5A in both translation 
elongation and termination. Through a combination of ribosome profiling and 
biochemistry in a reconstituted translation system, we find that eIF5A has a broader role 
in elongation than previously understood, and we uncover a critical function for eIF5A in 
translation termination. Importantly, we show that eIF5A functions to stimulate 
translation elongation in many peptide contexts, certainly not limited to proline stretches, 
and to accelerate the rate of peptidyl-tRNA hydrolysis by eRF1 during termination. Our 
findings suggest that eIF5A is an obligate translation factor acting on many (if not all) 
translating ribosomes, thereby rationalizing its essential nature and high abundance in 
eukaryotic cells.  
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RESULTS 
Conditional depletion of eIF5A by an auxin-inducible degron 
Given that eIF5A is encoded by an essential gene, we had to develop a method for 
conditional depletion in order to observe its in vivo function. Initial efforts to perform 
ribosome profiling with a temperature-sensitive allele were largely unsuccessful due to 
poor reproducibility and global changes in gene expression introduced by the temperature 
shift. Not only does the shift to the non-permissive temperature alter the transcriptional 
landscape, we suspected that it might affect translation elongation in a way that could 
confound analyses of protein synthesis (Grousl et al., 2013). 
We constructed a yeast strain in which both the transcription of eIF5A and 
degradation of the protein can be manipulated by inducers added to the growth media. In 
this strain, eIF5A is expressed from the GAL1 promoter; transcription levels are high in 
the presence of galactose and low in the presence of glucose. To promote rapid turnover 
of the protein, we fused eIF5A with a mini auxin-inducible degron (mAID) tag; in the 
presence of auxin, this domain recruits the E3-ubiquitin ligase TIR1 which ubiquitinates 
the mAID-eIF5A fusion protein for proteasome degradation (Nishimura and Kanemaki, 
2014).   
By inhibiting transcription and promoting turnover of the protein, this strategy 
effectively depletes eIF5A and broadly recapitulates observations using other methods 
(Gutierrez et al., 2013; Saini et al., 2009). Although the eIF5A-degron fusion protein 
(eIF5Ad) is expressed in our system at somewhat lower levels than endogenous eIF5A, it 
supports cell viability (Figure S1A and S1B). Following a switch to glucose media to 
shut off transcription and the addition of auxin to deplete eIF5A, cell growth arrests after 
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~10 h (Figure S1C). The timing of this arrest is consistent with the expectation that 
eIF5A is essential for cell growth: after ~8 h, we were unable to detect the eIF5A protein 
on immunoblots (Figure S1A). For additional validation, we analyzed polysome profiles 
and observed that after 10 h of induction, eIF5Ad cells showed an increase in the 
polysome/monosome ratio compared to WT cells (Figure S1D), as previously reported 
(Saini et al., 2009).  
 
eIF5A depletion causes redistribution of ribosomes toward the 5’ end of genes 
We generated libraries of ribosome footprints from the WT and eIF5Ad strains 
after 10 h of conditional growth. We did not pre-treat the culture with antibiotics to arrest 
translation (Ingolia et al., 2009) because adding cycloheximide to the media has been 
shown to cause sequence-specific ribosome pausing in vivo (Hussmann et al., 2015). 
Instead, lysates were flash frozen in liquid nitrogen, lysed, and thawed in lysis buffer 
containing cycloheximide to prevent lingering elongation during lysis (Guydosh and 
Green, 2014; Weinberg et al., 2016). We generated two biological replicates of the WT 
and eIF5Ad libraries and obtained ~15-25 million mapped reads for each. The number of 
ribosome footprints per gene is highly reproducible between biological replicates 
(Pearson’s r= 0.96 for eIF5Ad cells, 0.99 for WT cells) (Figure S1E).  
Our previous observation that depletion of eIF5A increases the fraction of 
ribosomes in polysomes led to the argument that eIF5A is a general translation factor 
(Saini et al., 2009). To get a genome-wide view of this phenomenon in our ribosome 
profiling data, we plotted the average ribosome occupancy of all genes aligned at start 
codons. In eIF5Ad cells, we observed an increase in ribosome occupancy in the first ~50 
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codons relative to the wild-type strain and a decrease in downstream occupancy (Figure 
1A). These trends are readily understood by examining specific genes where we observe 
higher ribosome occupancy in the 5’-end relative to the 3’ end (Figure 1B). This 
phenomenon is consistent with a general elongation defect: an enrichment of ribosomes 
at the 5’-end of genes was previously observed during amino acid starvation or treatment 
with antibiotics that inhibit elongation, both of which result in global ribosome pausing 
(Gerashchenko and Gladyshev, 2014; Ingolia et al., 2009; Subramaniam et al., 2014).  
To quantify the differences in the position of ribosomes along transcripts, we 
computed a polarity score for every gene (see Methods). This metric assigns a value 
between -1 and +1 to each gene based on the distribution of ribosome footprints along it. 
We excluded ribosome densities at both ends of genes (15 nucleotides) from our analysis 
to avoid known artifacts introduced by start and stop codons (Young et al., 2015). 
Enrichment of ribosome occupancy at the 5’-end of a gene gives a polarity score between 
-1 and 0 while enrichment toward the 3’-end of a gene results in a score between 0 and 
+1. This metric yields information about the balance of ribosome occupancy across the 
gene (5’ to 3’) but not about the fine details of the distribution. For example, two very 
different distributions of ribosome density could both yield a polarity score of 0: 
enrichment at the center of a gene or an equal enrichment at both ends. Nevertheless, we 
find that this metric reveals broad trends in our data that provide insight into eIF5A 
function. Strikingly, the distribution of ribosome occupancy in eIF5Ad cells is shifted to 
the left relative to the distribution in WT cells (Figures 1C and S2A). This quantitative 
metric nicely summarizes the skewed ribosome distribution observed in specific genes 
and in plots of average ribosome occupancy (Figures 1A and 1B). 
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  The accumulation of ribosomes at the 5’-ends of genes in eIF5Ad cells is 
consistent with pauses in elongation followed by queuing of upstream ribosomes (as 
depicted in the model in Figure 1A). Given eIF5A’s ability to resolve pausing at 
polyproline stretches, we hypothesized that the loss of eIF5A could explain these pauses 
in elongation. To test this idea, we divided yeast genes into two (roughly equal) subsets, 
one containing Pro-Pro dipeptide motifs and the other lacking these motifs. We chose to 
separate our data based on possession of Pro-Pro motifs because it was the minimal motif 
on which eIF5A was known to function (Gutierrez et al., 2013). We were surprised to 
find that both subsets showed a significant shift to the left, indicative of marked 
enrichment in ribosome occupancy at the 5’-end (Figures 1D and S2B), independent of 
the presence or absence of Pro-Pro motifs. This striking genome-wide observation of 
ribosome pausing suggests that eIF5A may functions broadly in eukaryotic cells, and 
may not simply relieve pausing at polyproline motifs. 
 
eIF5A alleviates ribosome pausing at poly-Pro motifs 
As a first step in analyzing translation pauses, we started with the known role of 
eIF5A in resolving pausing at polyproline stretches. We computed the average ribosome 
occupancy at two or three consecutive Pro codons in well-expressed genes and found the 
peak was ~2-fold higher in eIF5Ad cells than WT cells (Figures 2A and 2B). We 
observed two major peaks in the diproline plot at the center of the average gene plot 
(Figure 2A); one peak corresponds to pauses with the Pro codons positioned in the P and 
A sites while the second corresponds to pauses with the Pro codons positioned in the E 
and P sites. These observations suggest that forming the first Pro-Pro peptide bond is 
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challenging without eIF5A and that forming downstream peptide bonds is challenging 
when Pro-Pro dipeptide is engaged in the exit channel. These findings are consistent with 
previous biochemical and profiling studies of EFP in the E. coli system (Doerfel et al., 
2013; Ude et al., 2013; Woolstenhulme et al., 2015).  
Pauses at polyproline stretches affect the ribosome distribution surrounding the 
pausing motifs as well. We observed increased ribosome occupancy ~30 nt upstream of 
the polyproline motifs (Figures 2A and 2B, arrows) due to trailing ribosomes forming a 
queue behind those paused at the polyproline motif. In addition, ribosome occupancy 
downstream of polyproline motifs is strongly depleted, presumably because downstream 
ribosomes continue elongating, leaving empty mRNA behind them (Figure 2B, inset). 
This depletion is more pronounced for triproline motifs than diproline motifs, consistent 
with prior observations that a diproline motif does not reduce protein levels upon loss of 
eIF5A activity; an effect on protein expression is only seen with three or four consecutive 
Pro codons (Gutierrez et al., 2013). Our observations of strong pauses, stacked ribosomes 
upstream of the paused ribosome, and depletion of downstream density after PPP motifs 
are very similar to the effects seen in our earlier work upon deletion of the EFP gene in 
bacteria (Woolstenhulme et al., 2015).  
We note that pausing at polyproline motifs is evident in WT cells, suggesting that 
these motifs are problematic even in the presence of factors that evolved to mitigate their 
impact on elongation (Pavlov et al., 2009; Wohlgemuth et al., 2008). Proline residues 
have been associated with ribosome pausing in several eukaryotic-based ribosome 
profiling studies (Artieri and Fraser, 2014; Ingolia et al., 2011), suggesting that the 
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endogenous activity of eIF5A may not be sufficient to wholly relieve ribosome pausing at 
polyproline motifs in these cells.  
 
Widespread ribosome pausing in eIF5Ad cells 
In our analyses of ribosome occupancy on individual genes, we also noticed many 
strong pauses in eIF5Ad cells at positions that do not encode polyproline motifs (e.g. 
THO1 and PCL6 in Figure 2C). These additional pauses may explain the polarity effects 
of eIF5A depletion on genes lacking polyproline motifs. We explored this phenomenon 
by computing pause scores for all 8,000 tripeptide motifs. In eIF5Ad cells, 445 tripeptide 
motifs showed at least a two-fold increase in pause scores compared to WT cells while 29 
motifs have a pause score 10-fold or greater than the average density of the gene (Figure 
2D, S3A and Table S1).  
The top 29 tripeptide motifs show a consensus peptide sequence with enrichment 
of Pro or Asp in the E and the P sites and Pro in the A site; Gly is modestly enriched in 
all three sites (Figure 2D). Despite the importance of Pro in the consensus sequence, 
surprisingly 18 of these 29 motifs do not contain a Pro-Pro sequence. To demonstrate the 
impact of eIF5A on these identified sequences, we show an average gene analysis of 
~5,500 sites corresponding to the 18 non Pro-Pro motifs that reveals a level of pausing 
upon eIF5A depletion (Figure 2E) comparable to that observed at PPP (Figure 2B). 
Moreover, strong pauses are observed at the four tripeptide motifs completely lacking Pro 
(DVG, DDG, GGT and RDK, Figure S3B). Taken together, our findings demonstrate that 
eIF5A has a much broader role in alleviating ribosome pausing than previously thought.  
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eIF5A promotes translation of stalling sequences in vitro 
Ribosome profiling is not a time-resolved experiment and so there is no way of 
knowing whether all positions are impacted by the depletion of eIF5A. Profiling only 
reveals which motifs are more strongly impacted than others. To address this, we 
performed experiments in vitro using a reconstituted translation system to ask whether 
eIF5A is directly involved in promoting slow steps in translation elongation. We first 
tested the ability of our purified eIF5A to accelerate the reaction between Met-tRNA and 
the antibiotic puromycin since eIF5A was originally identified using this assay (Benne 
and Hershey, 1978; Kemper et al., 1976; Schreier et al., 1977). Pelleted 80S initiation 
complexes programmed with a simple mRNA (MFN-Stop) with [35S]-Met-tRNAiMet 
loaded in the ribosomal P site were mixed with puromycin (Puro) in the presence and 
absence of eIF5A, and formation of the Met-Puro product was observed over time. As 
anticipated, we find that post-translationally hypusinated eIF5A greatly enhances the rate 
of Met-Puro formation while unmodified eIF5A has a more subtle effect (Figure S4C). 
This experiment documents for the first time a >100-fold rate enhancement for this 
reaction resulting from the addition of modified eIF5A.    
 With this confirmation of robust in vitro activity, we tested the role of eIF5A in 
the translation of peptides containing several stalling motifs that were identified in our 
profiling experiments. While our profiling analysis described above focused on 
identifying tripeptide stalling motifs, we also are able to identify pausing motifs at the 
dipeptide level in our profiling data (Table S2) and because these motifs are simpler to 
characterize biochemically, we chose to focus efforts on these for the in vitro assays. In 
these experiments, pelleted 80S initiation complexes programmed with a simple mRNA 
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(MXXK-Stop where X is any amino acid) containing [35S]-Met-tRNAiMet were incubated 
with elongation factors and the appropriate tRNAs (eEF1A:aa-tRNA, eEF2, eEF3) and 
peptide formation was measured over time (Figure 3A). Each peptide contains the 
problematic dipeptide being analyzed (e.g. Pro-Pro) followed by a C-terminal lysine that 
helps us to resolve the tetrapeptide product using an electrophoretic TLC system.  
As we previously reported (Gutierrez et al., 2013), eIF5A is essential for robust 
synthesis of a Pro-Pro containing peptide (MPPK) while having a negligible effect on a 
Phe-Phe containing peptide (MFFK). For the MPPK reaction, we see that the stimulatory 
effect of eIF5A is highly dependent on the hypusine modification (Figure 3B): 
unmodified eIF5A increases the reaction endpoint (amount of peptide formed, Ymax) but 
hypusinated eIF5A increases both the endpoint and the rate of the reaction (kobs, 
compared to unmodified eIF5A). The endpoint defects are due to substantial peptidyl-
tRNA dropoff in these slow peptidyl-transfer reactions (Figure S4D); similar trends for 
short peptidyl-tRNAs have been reported by others (Doerfel et al., 2013; Katoh et al., 
2016). These data argue that the presence of unmodified eIF5A stabilizes the complex 
against peptidyl-tRNA dropoff but that the hypusine modification is critical for maximal 
rate enhancement.  
We next evaluated the role of eIF5A in promoting elongation through several 
dipeptide stalling motifs identified from our ribosome profiling data (Table S2), focusing 
on hyspuinated eIF5A as this provided maximal stimulation of the Pro-Pro-containing 
peptide. In what follows, we limit our analysis to the endpoint of the reaction, given the 
difficulty of separating the rate for the reaction of interest from the competing dropoff 
reaction in observed rate constants. Since several of the strongest dipeptide stalling 
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motifs contained aspartic acid, we measured the synthesis of the MDDK and MDPK 
peptides with and without eIF5A (Figure 3C); eIF5A strongly promoted synthesis of both 
peptides. We then analyzed the effects of eIF5A for several other peptides containing 
combinations of proline, aspartic acid, cysteine, and phenylalanine. We anticipated that 
several of these motifs would induce strong pauses (DD, DP and PD) while others would 
induce little or no stalling (CC and CF), based on their relative pause scores (Table S2). 
Somewhat surprisingly, we find that eIF5A has a stimulatory effect on elongation for all 
the peptides tested (Figure 3D). This result points to the fact that our profiling data only 
measure relative pausing levels between peptide motifs, not absolute levels as are 
measured in our in vitro experiments.  
While these experiments gave us insight into the breadth of stalling motifs that are 
rescued by eIF5A, we wanted to further investigate the role of hypusine in resolving 
these translation pauses. We chose to probe the requirement of eIF5A hypusine 
modification using several tripeptide motifs: a polyphenylalanine control (MFFFK), one 
with polyproline (MPPPK), one with a single proline (MPDIK), and one with no prolines 
(MDDIK). We find that eIF5A does not stimulate polyphenylalanine synthesis (MFFFK) 
while it is critical for polyproline synthesis (MPPPK) (Figures 4A and B). As observed 
for diproline (Figure 3B), non-hypusinated eIF5A increases the MPPPK reaction 
endpoint while hypusinated eIF5A is critical for maximal endpoint and rate enhancement. 
Interestingly, we find that hypusine is less important for translation of other non-
polyproline stalling motifs, such as PDI and DDI (Figure 4C and D). Taken together, our 
in vitro and ribosome profiling data suggest that eIF5A plays a substantial role in the rate 
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of translation elongation at most (if not all) sites in the transcriptome, although hypusine 
modification may be required only for resolving polyproline stalls. 
 
eIF5A promotes translation termination 
Recent biochemical and structural studies have shown that eIF5A binds to the E 
site of the ribosome where it stabilizes the peptidyl-tRNA for nucleophilic attack by the 
incoming amino acid on the A-site tRNA (Gutierrez et al., 2013; Melnikov et al., 2016; 
Schmidt et al., 2016). We wondered if eIF5A also promotes peptidyl-tRNA hydrolysis by 
eRF1, given that both of these reactions would benefit from a well-ordered peptidyl-
tRNA and active site geometry. Turning again to our profiling data, we computed the 
average ribosome occupancy of all genes aligned at stop codons (Figure 5A) and 
observed several major differences between the WT and eIF5Ad strains. First, the stop 
codon peak in eIF5Ad strain is ~2-fold higher than that seen in the WT strain; indeed, it 
is accompanied by a secondary peak ~30 nt upstream, presumably due to ribosomes 
stacked behind the terminating ribosome. Second, ribosome occupancy in the 3’-UTR is 
modestly increased (Figure 5B). Both of these observations are consistent with defects in 
translation termination in the eIF5Ad strain.  
To ask whether ribosome occupancy at stop codons and in the 3’-UTR reflects 
elongating or scanning (post-termination) ribosomes, we treated lysates with a high salt 
buffer that releases ribosomes lacking a nascent polypeptide chain (Blobel and Sabatini, 
1971; Mills et al., 2016). As expected, elongating ribosomes in coding regions and the 
stacked ribosomes located ~ 30 nt upstream of stop codons (in eIF5Ad cells) are not 
sensitive to the high salt wash. In contrast, the high salt wash released ~90% of 
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ribosomes at stop codons in WT cells (Figure 5C, top panel), suggesting that most 
ribosomes at stop codons have released their polypeptide chains and are waiting for the 
subunits to be split and recycled. On the other hand, only ~25% of ribosomes at stop 
codons were washed away in eIF5Ad cells (Figure 5C, bottom panel), suggesting that a 
majority of these ribosomes have yet to properly terminate and release the nascent 
peptide. After the high salt wash, the stop codon peak in eIF5Ad cells is dramatically 
higher (~12-fold) than that seen in WT cells (Figure 5C). Importantly, eIF5Ad cells still 
show increased levels of 3’-UTR ribosomes after clearing by salt washing (Figure 5D), 
suggesting that the 3’-UTR-localized ribosomes in eIF5Ad cells are actually translating. 
These observations are consistent with the fact that defective termination can result in 
ribosome read-through or frame-shifting at stop codons (Dever and Green, 2012; Pande 
et al., 1995; Stansfield et al., 1995).  
We also asked whether eIF5A stimulates peptide release generally or if it has a 
stronger effect in specific contexts. First, we analyzed the effect of the final amino acid as 
this has been shown to affect rates of peptide release (Bjornsson et al., 1996; 
Woolstenhulme et al., 2013). We find that while eIF5A stimulates peptide release in all 
contexts, termination at certain C-terminal amino acids (e.g. Thr and Val, Figure S5A) is 
somewhat more affected by eIF5A. We also investigated the role of the nucleotide after 
the stop codon, a position that has been argued important for eRF1 binding (Brown et al., 
2015; Brown et al., 1990; Matheisl et al., 2015), but we find no robust trends (Figure 
S5B). This finding is in line with our previous observation in vitro that the fourth 
nucleotide in the stop codon has only a minor effect on eRF1-mediated release (Eyler et 
al., 2013). Taken together, the profiling results point to globally inefficient termination in 
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eIF5Ad cells, resulting in the accumulation of terminating ribosomes at stop codons and 
translating ribosomes in the 3’-UTR regions. 
 
eIF5A stimulates peptidyl-tRNA hydrolysis by eRF1 in vitro 
 Given that termination is inhibited in cells when eIF5A is depleted, we wanted to 
ask whether eIF5A has a direct effect on the rate of peptidyl-tRNA hydrolysis using our 
in vitro system. We purified elongation complexes with [35S]-Met-Phe-Lys-tRNALys in 
the P site and a stop codon (UAA) in the A site, incubated them with eRF1:eRF3, and 
followed the rate of hydrolysis of the [35S]-Met-Phe-Lys (MFK) peptide from tRNALys 
over time (Figure 6A). When hypusinated eIF5A was added to the termination reaction 
with eRF1:eRF3, the rate of peptidyl-tRNA hydrolysis was stimulated 17-fold from a rate 
of 1.9 min-1 to 32.5 min-1 (Figure 6B). The hypusine modification of eIF5A is critical for 
this activity as unmodified eIF5A has only a 4-fold effect on this same reaction. While 
our earlier work showed a minor effect (1.7-fold) of eIF5A in a peptide release assay 
(Saini et al., 2009), the dynamic range of our biochemical system has increased over 
time. Because these experiments were performed with saturating amounts of eIF5A 
(Figure S6), we conclude that the stimulatory effects that we document are at the level of 
kcat.  
Given that our elongation complexes were purified prior to the peptide hydrolysis 
assay by pelleting them over a sucrose cushion, we were concerned that the E-site tRNA 
might dissociate in the cushion, creating a situation where eIF5A binding to the E site 
might be more important than it is during elongation within cells. To rule out this 
possibility, we performed the same termination assay in a “one-pot” manner, omitting the 
	 63	
pelleting step, and found that eIF5A still robustly stimulated the termination reaction 
(Figure S7A and B). These data suggest that the rate of E-site tRNA departure is fast 
enough in a typical elongation reaction to provide access to the E site for eIF5A. Finally, 
we performed the termination assay with a catalytically inactive GGQàAGQ eRF1 to 
confirm that eIF5A was stimulating hydrolysis through the canonical eRF1-mediated 
reaction. Indeed, this eRF1 mutant completely abolishes peptidyl-tRNA hydrolysis even 
in presence of eIF5A (Figure S7C). Taken together, our in vitro biochemistry and 
ribosome profiling provide independent support that eIF5A plays a crucial role in 
translation termination by stimulating the catalytic activity of eRF1.  
 
eIF5A acts globally while EFP is proline specific  
In light of this critical function for eIF5A in translation termination, we wondered 
if EFP might play a similar role in termination in bacterial translation. We performed the 
same analysis of stop codon-aligned ribosome footprints with data from Δefp cells 
(Woolstenhulme et al., 2015) and find no evidence that the loss of EFP enhances pausing 
at stop codons (Figure 7A). Additionally, recent biochemical work using an E. coli in 
vitro reconstituted translation system has shown that EFP does not stimulate the rate of 
release of fMet-Pro or fMet-Gly from tRNA by RF1 or RF2 (Pierson et al., 2016). These 
data argue that the function of eIF5A in translation termination is unique to eIF5A. 
We also revisited the activities of eIF5A and EFP in promoting peptidyl transfer 
during elongation by directly comparing their pausing spectra. It is well established that 
both proteins resolve pauses at polyproline stretches (Doerfel et al., 2013; Elgamal et al., 
2014; Gutierrez et al., 2013; Hersch et al., 2013; Peil et al., 2013; Starosta et al., 2014; 
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Ude et al., 2013; Woolstenhulme et al., 2015). In our eIF5A depletion strain, we 
identified many tripeptide motifs that pause the ribosome (Table S1), greatly expanding 
the scope of substrates that eIF5A acts on. Many of these sequences contain no proline at 
all, but rather combinations of aspartic acid, glycine, and other amino acids. Strong 
pausing at such motifs was not observed in previous studies of Δefp E. coli cells (Elgamal 
et al., 2014; Woolstenhulme et al., 2015). While the absolute intensity of pauses in these 
studies cannot be compared directly, differences in the relative enrichment of the pause 
scores in mutant strains leads to a striking observation. In Δefp cells, only the motifs with 
Pro-Pro lie off the diagonal and are enriched compared to those motifs in wild-type E. 
coli cells (Figure 7B); in contrast, upon eIF5A depletion the entire distribution of pausing 
motifs is reoriented more vertically, indicative of increased levels of pausing across a 
majority of tripeptide motifs in the absence of eIF5A (Figure 7C).  
This observation explains the defect in global elongation rate upon eIF5A 
depletion that was previously reported (Saini et al., 2009) and that we observe by 
ribosome profiling (Figure 1C). In Δefp cells we find no evidence of a global 
redistribution of ribosomes (Figure 7D), but only identify genes that contain the strongest 
Pro-Pro dipeptide pausing motifs early in the gene to have an effect on the overall 
distribution of ribosome occupancy (Figure S2C). These comparisons argue that the 
global effects of eIF5A on translation elongation are unique to eIF5A, while the role of 
EFP is limited to translation of genes containing proline stretches.   
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DISCUSSION 
  eIF5A and EFP were originally identified because they promote formation of 
(f)Met-Puromycin in a simplified system for studying translation (Benne and Hershey, 
1978; Glick et al., 1979; Glick and Ganoza, 1975; Kemper et al., 1976; Schreier et al., 
1977) and only later were they shown to promote translation elongation during Pro-Pro 
bond formation (Doerfel et al., 2013; Gutierrez et al., 2013; Ude et al., 2013). In this 
study, we report a much broader role for eIF5A in promoting elongation at many 
(perhaps all) sites in the transcriptome. From ribosome profiling of an eIF5A depletion 
strain, we identified many tripeptide motifs that substantially pause the ribosome (pause 
score > 10) (Figure 2 and Table S1) and showed that these widespread pauses lead to a 
global defect in elongation as observed by ribosome redistribution toward the 5’-end of 
genes (Figure 1). Our data help to explain prior observations of global defects in 
elongation (Saini et al., 2009) and support a model where eIF5A is a very general 
elongation factor. In contrast, EFP is much more specialized, limited to a role in 
enhancing the rate of translation of Pro-Pro motifs; the loss of EFP does not lead to 
global defects in elongation (Figure 7). 
In this study we also uncovered a role for eIF5A in termination, increasing the 
rate of eRF1-mediated peptidyl-tRNA hydrolysis. In vivo, our ribosome profiling reveals 
a global defect in termination in the absence of eIF5A (Figure 5), while our previous 
study of E. coli cells lacking EFP shows no such effect (Figure 7). We also showed in 
vitro that eIF5A stimulates eRF1-mediated peptide release by 17-fold (Figure 6) and that 
this enhanced rate functions through canonical GGQ-hydrolysis (Figure S7C). In contrast 
to eIF5A, EFP was shown to have no function in RF1 or RF2-mediated peptidyl 
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hydrolysis (Pierson et al., 2016). These observations support a model where eIF5A 
functions globally to stimulate slow reactions at the ribosomal peptidyl transferase center 
(PTC) while EFP is more specialized for several specific slow peptide motifs.  
 The differences in substrate specificity of these two proteins may be explained at 
a structural level. In the structure bound to the 70S ribosome, EFP makes extensive 
contacts with the P-site peptidyl-tRNA (Blaha et al., 2009). These contacts allow EFP to 
recognize specific substrate tRNAs containing a unique structural element in the D-arm 
of both tRNAPro and tRNAfMet (Katoh et al., 2016). In the recent structures of eIF5A 
bound in the ribosome (Melnikov et al., 2016; Schmidt et al., 2016), direct contact with 
the D-arm of the P-site tRNA is not observed. Based on the broader role for eIF5A we 
present here, including biochemical data to support a role for eIF5A function at many 
peptide sequences (Figures 3 and 4), we do not believe that eIF5A recognizes specific 
tRNAs as EFP does.  
Previous biochemical probing and structural studies have shown that eIF5A 
binding in the ribosomal E site likely stabilizes the CCA-end of the peptidyl-tRNA 
(Gutierrez et al., 2013; Melnikov et al., 2016; Schmidt et al., 2016). These observations 
suggest that when a ribosome encounters problematic motifs (slow peptidyl transfer or 
eRF1-mediated hydrolysis), the ribosomal E site becomes vacant; prolonged E-site 
vacancy may allow eIF5A to bind and resolve ribosome pausing. From our data we find 
eIF5A to alleviate ribosome stalls that occur because of particular amino acid sequences, 
at the level of promoting slow peptide bond formation (Figures 2 and 3). Interestingly 
these sequences are not selected against in S. cerevisiae genome (data not shown). While 
other mechanisms of ribosome stalling have been described involving codon optimality 
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or tRNA identity/abundance, we find no evidence for these types of stalling in our data. 
For example, we analyzed our profiling data after eIF5A depletion for any stalling effects 
correlated with codon optimality (Radhakrishnan et al., 2016) and saw no correlation 
(Figure S3C). Similarly, we found no evidence for stalling at recently identified codon 
pairs that inhibit translation (Gamble et al., 2016) (Figure S3D; data not shown). Taken 
together our data suggest that eIF5A is specific for resolving stalls due to slow peptidyl 
transfer at the ribosomal PTC in the 60S subunit, rather than any events related to the 
efficiency of tRNA binding or decoding. 
Our reported function for eIF5A in termination, in addition to its role in 
alleviating widespread elongation pausing, may account for both its great abundance and 
essential nature in eukaryotic cells. In S. cerevisiae, eIF5A is one of the most well 
expressed proteins with > 273,000 copies per cell (Kulak et al., 2014). In fact, eIF5A is in 
the top 50 highest expressing genes in S. cerevisiae, S. pombe, and HeLa cells (Kulak et 
al., 2014), with levels equivalent to that of ribosomes (von der Haar, 2008). In addition to 
its abundance, eIF5A interacts with 80S ribosomes very strongly, with an approximate 
dissociation constant of 9 nM (Rossi et al., 2016), suggesting that it could interact with all 
ribosomes that have an empty E site (eIF5A cellular concentration is approximately 8-15 
µM). Given its critical and diverse roles in both translation elongation and termination, 
these observations lead us to suspect that most, if not all, ribosomes interact with eIF5A 
throughout the elongation and termination phases of translation. 
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MATERIALS AND METHODS 
Yeast strains and growth conditions 
As shown in Figure S1, WT and eIF5Ad strains were grown in YPGR (0.2% 
galactose+ 0.2% raffinose) overnight at 30°C, harvested by centrifugation, washed and 
resuspended in YPD (0.2% glucose) medium containing 0.5 mM auxin (Sigma) to an 
OD600 of 0.003 for WT and 0.15 for eIF5Ad. Both WT and eIF5Ad cells were grown in 
the presence of auxin for 10 hr (to deplete eIF5A completely), harvested by fast filtration, 
and then flash frozen in liquid nitrogen. It took ~1 min to collect ~800 mL culture. Cell 
pellets were ground with droplets of footprint lysis buffer [20 mM Tris-Cl (pH8.0), 140 
mM KCl, 1.5 mM MgCl2, 1% Triton X-100, 0.1 mg/mL cycloheximide] in a Spex 6870 
freezer mill.  
 
Yeast strain construction 
ADH1p-OsTIR1 cassette was amplified from pMK200 (Nishimura and 
Kanemaki, 2014) and inserted in HO locus in BY4741 and Δanb1 strains (GE 
Dharmacon), resulting in yCW30 (WT strain: MATa his3Δ1 leu2Δ0 ura3Δ0 met15Δ0 
HO::ADH1p-OsTIR1-URA3) and yCW31 (MATa his3Δ1 leu2Δ0 ura3Δ0 met15Δ0 
anb1::KanMX HO::ADH1p-OsTIR1-URA3)), respectively. After transforming mAID-
HYP2-pAG413GAL into yCW31, the genomic copy of hyp2 was deleted by a NatMX4 
cassette, resulting in yCW33 (eIF5Ad strain: MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 




Preparation of ribosome footprint libraries 
After clarification, 25 OD260 units of lysates were treated with 375 units of 
RNaseI (Ambion) for 1 hr at RT. For high salt wash experiments, same amount of lysates 
were treated with 1 M KCl (final conc.) on ice for 15 min, and desalted by passing 
through desalting a column (Zeba spin, Thermo Fisher Scientific). The resulting cell 
lysates were then treated with RNaseI as mentioned above. Monosomes were isolated by 
sucrose gradients. The extracted RNA was size-selected from 15% denaturing PAGE 
gels, cutting between 15-34 nt. An oligonucleotide adapter was ligated to the 3’ end of 
footprints. After rRNA depletion using RiboZero (Illumina), reverse transcription, 
circularization and PCR amplification. Footprint libraries were sequenced on a 
HiSeq2500 machine at facilities at Johns Hopkins Institute of Genetic Medicine.  
 
Purification of translation factors  
 Translation initiation factors eIF2, eIF1, eIF1A, eIF5, and eIF5b were purified 
from both S. cerevisiae (eIF2) and E. coli using reported procedures (Acker et al., 2007). 
Purification of eEF1A from S. cerevisiae also followed a previously reported protocol 
(Eyler and Green, 2011).  
During purification of eEF2 and eEF3 from S. cerevisiae we identified the 
presence of low-level (though highly active) contaminating eIF5A. Endogenous eIF5A is 
very abundant, and can be enriched from yeast lysate by both Ni-NTA and amylose 
affinity chromatography (see Figure S6 for yeast-purified His-MBP activity). In order to 
isolate eEF2 and eEF3 in the absence of eIF5A, we took great care to sacrifice any 
contaminated fractions during purification to yield a highly pure protein. After 
	 70	
purification, individual fractions were tested for MPPK synthesis in the absence of eIF5A 
as a test for contamination. Those fractions that did not stimulate MPPK formation were 
used in subsequent assays. 
eEF2 was purified using a C-terminal His6 tag from strain TKY675 (Jorgensen et 
al., 2002). eEF2 was purified by Ni-NTA chromatography in buffer containing 20 mM 
HEPES pH 7.4, 10% glycerol, 300 mM KCl, and 5 mM 2-mercaptoethanol. Then the 
protein was diluted to 30 mM KCl and further purified by cation exchange 
chromatography using a gradient from 30-150 mM KCl. Fractions containing eEF2 (and 
no eIF5A) were pooled, concentrated, and further purified by gel filtration using a HiPrep 
26/60 Sephacryl S-200 column (GE Healthcare Life Sciences) for best separation of eEF2 
and contaminant eIF5A. Fractions containing eEF2 were individually concentrated, and 
stored in gel filtration buffer containing 20 mM HEPES pH 7.4, 100 mM KOAc pH 7.6, 
10% glycerol, and 2 mM DTT.  
eEF3 was purified using a N-terminal His6 tag from strain TKY702 (Andersen et 
al., 2004). eEF3 was purified by Ni-NTA chromatography in buffer containing 25 mM 
Tris pH 7.5, 10 mM Imidazole, 1 M KCl, 10% glycerol, and 5 mM 2-mercaptoethanol. 
After elution, protein was further purified by gel filtration using a Superose 6 10/300GL 
column (GE Healthcare Life Sciences). Fractions containing eEF3 were individually 
concentrated, and stored in gel filtration buffer containing 20 mM HEPES pH 7.4, 100 
mM KOAc pH 7.6, 10% glycerol, and 2 mM DTT.  
Eukaryotic release factor eRF1 (and AGQ mutant) was purified from E. coli with 
a His6 tag as previously described (Shoemaker et al., 2010). Release factor eRF3 was 
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purified from E. coli using the IMPACT Protein Purification System (New England 
Biolabs) as previously described (Eyler et al., 2013). 
 
Expression and purification of eIF5A 
Expression and purification of recombinant eIF5A from E. coli was performed as 
previously reported (Gutierrez et al., 2013). Briefly, a plasmid expressing His6-eIF5A, or 
a plasmid co-expressing His6-eIF5A with modification enzymes Dys1 and Lia1 was 
transformed into BL21-CodonPlus (DE3)-RIPL cells (Agilent). Proteins were expressed 
and purified by Ni-NTA affinity chromatography and anion exchange chromatography. 
To confirm eIF5A hypusination, proteins were analyzed by MALDI-TOF mass 
spectrometry (Voyager DE-STR MALDI-TOF). As shown in Figure S4B, unmodified 
eIF5A purified from E. coli showed a major peak with a calculated weight of 17804, 
consistent with the predicted mass of unmodified His6-eIF5A. Analysis of His6-eIF5A 
purified from E. coli expressing Dys1 and Lia1 modification enzymes revealed a shift in 
molecular weight to 17901, consistent with modification.  
 
Purification of tRNAs and mRNAs  
 Phenylalanine-specific tRNA from S. cerevisiae was purchased from Sigma. 
Initiator methionine, lysine and cysteine-specific tRNAs were purchased from tRNA 
Probes (College Station, TX). Proline, aspartic acid, and isoleucine tRNAs were isolated 
from S. cerevisiae bulk tRNA using 3’ biotinylated oligos (IDT) as previously described 
(Yokogawa et al., 2010). Oligo for tRNAPro(UGG): 5’ – CCAAAGCGAG 
AATCATACCA CTAGAC – 3’ Biotin-TEG. Oligo for tRNAAsp(GUC): 5’ – 
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GACAAGCGCCCATTCTGACCATTAAAC – 3’ Biotin-TEG. Oligo for tRNAIle(AAU): 
5’ – ATTAGCACGGTGCCTTAACCAACTGGGC – 3’ Biotin-TEG. Isolated tRNAPro, 
tRNAAsp, and tRNAIle were subject to CCA-adding reaction (Gutierrez et al., 2013). All 
tRNAs were charged using a S100 extract (Eyler and Green, 2011). 
 Model mRNAs for in vitro translation were transcribed using T7 RNA 
polymerase and contain the following sequence: 5’ – GAAUCUCUCUCUCUCUCU 
AUG XXX XXX XXX UAA CUCUCUCUCUCUCUC – 3’ (underlined G is T7 start, 
bold is open reading frame, XXX = generic codon). In elongation experiments, codons 
used are as follows: Phe (UUC), Pro (CCA), Asp (GAC), Ile (AUU), Cys (UGC), and 
Lys (AAA). All mRNAs were gel purified using 10% TBE-Urea gels.  
 
In vitro 80S initiation and elongation complex formation 
80S initiation complexes were formed as previously described (Eyler and Green, 
2011) with minor differences. Briefly, 3 pmol of 35S-Met-tRNAiMet was mixed with 25 
pmol of eIF2 and 1 mM GTP in 1X Buffer E (20 mM Tris pH 7.5, 100 mM KOAc pH 
7.6, 2.5 mM Mg(OAc)2, 0.25 mM Spermidine, and 2 mM DTT) for 10 minutes at 26oC. 
Next a mixture containing 25 pmol 40S subunits, 200 pmol T7-synthesized mRNA 
template, 150 pmol eIF1, and 150 pmol eIF1A in 1X Buffer E was added for 5 minutes. 
To form the 80S complex, a mixture containing 25 pmol 60S subunits, 125 pmol eIF5, 
125 pmol eIF5b, and 1 mM GTP in 1X Buffer E was added for 1 minute. Complexes 
were then mixed 1:1 with buffer E containing 17.5 mM Mg(OAc)2 to yield a final 
magnesium concentration of 10 mM. Ribosomes were then pelleted through a 600 µl 
sucrose cushion containing 1.1 M sucrose in buffer E with 10 mM Mg(OAc)2 using a 
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MLA-130 rotor (Beckmann) at 75,000 rpm for 1 hour at 4oC. After pelleting, ribosomes 
were resuspended in 25 µl of 1X Buffer E containing 10 mM Mg(OAc)2 and stored at -
80oC. 
To form elongation complexes for peptide release experiments, initiation 
complexes were formed as described above and elongated before pelleting. To create the 
eEF1A ternary complex, a mixture containing 50 pmol eEF1A, 30 pmol aa-tRNA, and 
1mM GTP was incubated at 26oC for 15 minutes. Ternary complex for each required 
tRNA was mixed with 80S initiation complexes for 5 minutes to allow for peptidyl 
transfer. Subsequently a mixture containing 50 pmol eEF2, 75 pmol eEF3, 2.5 mM GTP, 
and 5.0 mM ATP was added to promote elongation and subsequent rounds of peptidyl 
transfer for 7 minutes. Elongated complexes were then mixed 1:1 with buffer E 
containing 17.5 mM Mg(OAc)2 and pelleted as described above. 
 
In vitro reconstituted translation elongation  
Translation elongation reactions were performed in 1X Buffer E (20 mM Tris pH 
7.5, 100 mM KOAc pH 7.6, 2.5 mM Mg(OAc)2, 0.25 mM Spermidine, and 2 mM DTT). 
Limited amounts of 80S initiation complexes (3 nM) were mixed with purified eEF1A (1 
µM), aa-tRNA (500 nM), eEF2 (1 µM), eEF3 (1 µM), ATP (3 mM) and GTP (2 mM) in 
the presence or absence of eIF5A (1 µM). Reactions were incubated at 26oC and time 
points quenched with 250 mM KOH. Peptide formation was monitored by electrophoretic 
TLC (Millipore). TLC plates were equilibrated with pyridine acetate buffer (5 ml 
pyridine, 200 ml acetic acid in 1 liter, pH 2.8) before electrophoresis at 1200 V for 28 
min. Plates were developed using a Typhoon FLA 9500 Phosphorimager system (GE 
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Healthcare Life Sciences) and quantified using ImageQuantTL (GE Healthcare Life 
Sciences). Time courses were fit to single exponential kinetics using Kaleidagraph 
(Synergy Software). 
 
In vitro reconstituted eRF1:eRF3 peptidyl hydrolysis  
Peptide release assays were performed in 1X Buffer E (same as elongation 
reactions). Limited amounts of 80S elongation complexes (3 nM) were mixed with 
purified eRF1 (4 µM), eRF3 (6 µM) and GTP (1 mM) in the presence or absence of 
eIF5A (1 µM). Reactions were incubated at 26oC and time points quenched with 5% 
formic acid. TLC plates were equilibrated with pyridine acetate buffer (5 ml pyridine, 
200 ml acetic acid in 1 liter, pH 2.8) before electrophoresis at 1200 V for 18 min. Plates 
were developed, quantified, and fit to single exponential kinetics as described for 
elongation reactions. 
 
In vitro Met-Puromycin assay 
Reactions containing 2 nM initiation complexes and 1 µM eIF5A in 1X Buffer E 
(20 mM Tris pH 7.5, 100 mM KOAc pH 7.6, 2.5 mM Mg(OAc)2, 0.25 mM Spermidine, 
and 2 mM DTT) were incubated at 26oC in the presence of 5 mM puromycin. Time 
points over the course of 90 minutes were quenched with 250 mM KOH and analyzed by 
electrophoretic TLC (Millipore). TLC plates were equilibrated with pyridine acetate 
buffer (5 ml pyridine, 200 ml acetic acid in 1 liter, pH 2.8) before electrophoresis at 1200 
V for 15min. Plates were developed using a Typhoon FLA 9500 Phosphorimager system 
(GE Healthcare Life Sciences) and quantified using ImageQuantTL (GE Healthcare Life 
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Sciences). Time courses were fit to single exponential kinetics using Kaleidagraph 
(Synergy Software). 
 
In vitro analysis of peptidyl-tRNA dropoff using PTH 
Translation elongation reactions were performed as described in the primary 
methods in the presence of 27 µM peptidyl-tRNA hydrolase (PTH) to monitor dropoff of 
peptidyl-tRNAs from translating ribosomes. PTH can only cleave peptidyl-tRNAs that 
have been fully released from the ribosome (Figure S4D, note zero time point). Time 
points for dropoff products were quenched with 10% formic acid, and peptide formation 
was monitored by KOH quench at the start and end of the reaction. Reaction time points 
were analyzed by electrophoretic TLC in pyridine acetate buffer (see above) at 1200 V 
for 30 minutes. 
 
Read preparation and alignment 
The R64-1-1 S288C reference genome assembly (SacCer3) from the 
Saccharomyces Genome Database Project was used for all analyses. Adapter sequence 
(CTGTAGGCACCATCAAT) was first removed from demultiplexed reads using 
Cutadapt (Martin, 2011), and low quality reads (any position with Phred score less than 
20) were discarded. Then alignment to the RNA gene database FASTA file 
(http://downloads.yeastgenome.org/sequence/S288C_reference/rna/archive/rna_coding_R
64-1-1_20110203.fasta.gz) was performed to remove noncoding RNAs. The resulting 
reads were then aligned to the genome using 3’ end mapping, and the reads that failed to 
be mapped were aligned to the annotated splice junctions Finally, reads left were trimmed 
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of consecutive As from their 3’ ends and realigned to the genome and the splice junction. 
Read length between 25-34 nt was used for the following analyses. The mapped reads 
were normalized to reads per million (rpm) using total number of mapped reads. 
Alignment was performed using Bowtie 1.0.0 (Langmead et al., 2009) using the 
following parameters: ‘-v 2 –y –a –m 1 –best –strata –S –p 4’. All other analyses were 
performed using software custom written in Python 2.7 and R 3.3.1.  
Ribosome profiling datasets for Δefp (Woolstenhulme et al., 2015) were 
downloaded from the GEO (GSE64488) and the Escherichia coli MG1655 reference 
genome NC_000913.2 was used for all E. coli ribosome profiling analyses.  
 
Analysis of aligned reads 
Calibrated by using start and stop codons of coding sequences, we defined that the 
first 5’ end nucleotide of ribosome A site to the 3’ end of the footprint is separated by 12 
nt. In general, -14 shift (the center of P site) is used for start codons (Figure 1A), pause 
motifs and quantitation of coding sequences (Figures 1C, 1D, 2, and 7), and -11 shift 
(center of ribosomal A site) is used for stop codons (Figure 5).  





    where 
     !! = !!!(!!!)!!!  
The terms di and wi are the ribosome density and the normalized distance from the center 
of a gene at position i, respectively. Polarity score for a gene is the total sum of !!  at each 
position. To avoid known artifacts around start and stop codon peaks, we excluded the 
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first and the last 15 nt of coding sequences from our analysis. Genes with more than 64 
reads/dataset in coding sequences were plotted.  
Pause scores for peptide motifs (Figures 2D, 7B and 7C) were calculated by 
taking the ratio of the ribosome density in a 3-nt window at the motif over the overall 
density in the coding sequence (excluding the first and the last 100 nt). Genes with less 
than 64 reads/dataset in coding sequences (excluding the first and the last 100 nt) are 
excluded from the analysis. The same threshold was used for metagene plots (Figures 1A 
and 5) and metacodon plots (Figures 2A, 2B and 2E). Logo was weighted by pause score 
ratio of eIF5Ad/WT (Table S1). For metagene plots, ribosome density at each position is 
normalized by the overall ribosome density of coding sequence. Genes with features that 
are smaller than the window size (50 nt upstream of start codons and 900 nt of coding 
sequences for Figure 1A, and 100 nt upstream of stop codons and 50 nt of 3’-UTRs for 
Figure 5) were excluded from the analysis. 
 
Accession numbers: 
Sequencing data were deposited in the GEO database under the accession number 
GSE89704. 





Figure 1. Polar distribution of ribosomes toward 5’ end of genes in eIF5Ad cells 
(A) Average ribosome occupancy from all genes aligned at start codons for WT (black 
line) and eIF5Ad cells (orange line) with schematic depicting queuing of ribosomes 
upstream of a paused ribosome (colored orange). Ribosome occupancy was normalized to 
show a mean value of 1 for each codon. (B) Example of ribosome occupancy along 
CHC1 gene in WT.1 (black) and eIF5Ad.1 (orange) cells. Rpm, reads per million. (C) 
Distributions of polarity scores for 4,946 genes from WT and eIF5Ad cells are plotted, 
for genes with at least 64 reads/dataset in ORFs (top panel). Schematic representation of 
polarity score (bottom panel). (D) Distributions of polarity scores for genes containing 
Pro-Pro dipeptide motifs (green) and genes lacking these motifs (brown) in eIF5Ad cells. 
WT distribution (includes both PP and nonPP) is included for reference (dotted). 
Numbers in parentheses denote the gene numbers included in the analysis. See also 
Figure S1 and S2. 
 
Figure 2. eIF5A alleviates ribosome pausing at more than poly-Pro motifs 
(A) Average ribosome occupancy centered at diproline motifs with the underlined Pro in 
the P site of the ribosome. Excluding motifs in genes with less than 64 reads/dataset in 
ORFs, 5,920 and 5,939 positions are averaged in WT and eIF5Ad, respectively. Arrow 
indicates stacked ribosomes. (B) Similar to (A), average plot centered at triproline motifs 
with underlined Pro in the E site of the ribosome. Inset: close-up view of the ribosome 
occupancy 10-50 nt downstream of the triproline motif. (C) Ribosome footprints on 
THO1 and PCL6 genes in WT.1 (black) and eIF5Ad.1 (orange) cells. Motifs of highest 
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ribosome pausing are denoted. Rpm, reads per million. (D) Peptide motif associated with 
ribosome pausing in eIF5Ad cells, using motifs with pause score greater than 10 and 
weighted by pause score ratio of eIF5Ad/WT. Top 29 motifs are listed. (E) Average 
ribosome occupancy centered at 5,478 pause sites that match the 18 non Pro-Pro pausing 
motifs identified in eIF5Ad cells. See also Figure S3. 
 
Figure 3. eIF5A stimulates translation of stalling motifs in vitro 
(A) Schematic representation of in vitro elongation reactions using reconstituted 
translation system. Pelleted 80S initiation complexes are incubated with elongation 
factors, aminoacyl-tRNAs, GTP, ATP, and eIF5A. Reactions are quenched with KOH 
and peptide products resolved by electrophoretic TLCs. (B) Elongation kinetics for Phe-
Phe and Pro-Pro containing peptides (MFFK and MPPK) in the presence and absence of 
eIF5A and hypusination modification. (C) Representative TLCs for elongation kinetics of 
dipeptide stalling motifs Asp-Asp (MDDK) and Asp-Pro (MDPK). (D) Comparison of 
elongation endpoints for all peptides analyzed in presence and absence of eIF5A. Error 
bars represent the standard deviation from three replicate experiments. See also Figure 
S4. 
 
Figure 4. Hypusine is required for polyproline elongation in vitro 
Translation elongation kinetics for the following tripeptide motifs in the presence and 
absence of eIF5A and hypusination modification: (A) Phe-Phe-Phe (MFFFK), (B) Pro-
Pro-Pro (MPPPK), (C) Pro-Asp-Ile (MPDIK), (D) Asp-Asp-Ile (MDDIK). Time points 
	 80	
were quantified and reaction progression fitted to a single exponential. See also Figure 
S4. 
 
Figure 5. Ribosomes accumulate at stop codons and in 3’-UTRs in eIF5Ad cells 
(A) Metagene analysis of translation termination. Average ribosome occupancy from all 
genes aligned at their stop codons for WT and eIF5Ad cells. Arrow denotes stacked 
ribosomes ~30nt upstream the stop codon peak. (B) Overlay and close-up view of (A), 
showing accumulated ribosomes in 3’-UTRs in eIF5Ad cells. (C) Similar to (A), 
metagene plot of stop codons for WT and eIF5Ad lysates treated with high salt buffer. 
(D) Similar to (B), close-up view of 3’-UTR regions for WT and eIF5Ad lysates after 
high salt wash. See also Figure S5. 
 
Figure 6. eIF5A stimulates eRF1-mediated peptidyl hydrolysis 
(A) Schematic for in vitro termination assays. Met-Phe-Lys elongation complexes 
containing an A-site stop codon (UAA) are reacted with eRF1:eRF3:GTP in the presence 
and absence of eIF5A. Time points are quenched with formic acid, peptide products 
resolved by electrophoretic TLCs, and rates quantified. (B) Rates of peptidyl hydrolysis 
by eRF1:eRF3 in presence and absence of eIF5A and hypusination modification. Error 
bars represent the standard deviation from at least three replicate experiments. See also 





Figure 7. eIF5A has a more general role than EFP 
 (A) Metagene analysis of translation termination for wt and Δefp E. coli cells shows 
neither stacked ribosomes (~30 nt upstream of stop codons) nor 3’-UTR ribosomes.  
 (B) Comparison of tripeptide pausing in wt and Δefp E. coli cells. Pause scores of 
tripeptide motifs are plotted using E. coli wt and Δefp datasets (Woolstenhulme et al., 
2015). Motifs with less than 30 occurrences in E. coli transcriptome are excluded from 
the analysis. Each dot represents one tripeptide motif; 6,018 motifs are included. Motifs 
with pause score higher than 8 are labeled. The diagonal line indicates the distribution 
expected for no enrichment. (C) Comparison of tripeptide pausing in WT and eIF5Ad 
cells. Pause scores of 6,022 tripeptide motifs (Table S1) are plotted for WT and eIF5Ad 
cells, for motifs with more than 100 occurrences in yeast transcriptome. 10 tripeptide 
motifs with highest pause scores upon eIF5A depletion are labeled. The diagonal line 
indicates the distribution expected for no enrichment. (D) Distributions of polarity scores 
for 2,186 genes from wt and Δefp E. coli cells are plotted, showing no significant 
difference. See also Figures S2 and S3. 
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SUPPLEMENTARY FIGURES AND TABLES 
Figure S1. Growth of WT and eIF5Ad strains used for ribosome profiling –Related 
to Figure 1 
(A) Western blot analysis of eIF5A depletion over time. Same number of cells were 
pelleted, lysed and subjected to western blotting using antibodies against eIF5A (Saini et 
al., 2009), mAID (MBL International Corporation) and PGK1 (Life Technologies-
Novex). (B) Growth of WT and eIF5Ad cells on YPGR and YPDauxin plates. Plates are 
incubated at 30°C for 2 days. (C) Growth potential of WT and eIF5Ad strains after media 
change to YPD containing 0.5 mM auxin (0 hr time point) by monitoring growth at 
OD600. (D) Sucrose gradient sedimentation analysis of cell lysates from WT and eIF5Ad 
cells. Cells were grown and harvested under the condition in (C), lysed in footprint lysis 
buffer and subjected to centrifugation through 10-50% sucrose gradients. Polysome 
profiles were collected by monitoring at 254 nm. P/M denotes polysome/monosome ratio. 
(E) Scatter plots showing reproducibility of ribosome footprints on coding sequences 
between biological replicates for WT (left) and eIF5Ad (right). Pearson correlations are 
shown in each comparison.  
 
Figure S2. Disproportionate distribution of ribosome occupancy in eFI5Ad cells – 
Related to Figure 1 and 7 
(A) Polarity scores of ribosome occupancy on 4,946 genes from Figure 1C are plotted for 
WT and eIF5Ad cells. Genes in lower left quadrant correspond to those with 
disproportionate distribution of ribosome occupancy toward their 5’-ends. (B) In 
comparison with Figure 1D, distributions of polarity scores for genes containing Pro-Pro 
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dipeptide motifs and genes lacking these motifs from WT cells. (C) Polarity scores of 
2,186 genes are plotted for wt and Δefp E. coli strains (Woolstenhulme et al., 2015). 
Genes with strongest Pro-containing stalling motifs before the halfway point are shown in 
pink.  
 
Figure S3. Metacodon analysis of ribosome stalling in eIF5Ad cells – Related to 
Figure 2 and 7 
(A) Average ribosome occupancy centered at 9,082 pause sites that match the 29 pausing 
motifs identified in eIF5Ad cells (Figure 2D). Arrow indicates stacked ribosomes. (B) 
Similar to (A), average plot centered at 1,350 pause sites that match the 4 non-Pro 
tripeptide motifs (RDK, DVG, DDG, GGT). (C) Analysis of codon optimality effects in 
eIF5Ad strain. Ribosome occupancy in the E, P and A sites under eIF5A depletion 
relative to WT. 61 sense codons are colored according to their stAI values (Sabi and 
Tuller, 2014). (D) Average ribosome density plot centered at the CTCCCG inhibitory 
codon pair (Gamble et al., 2016). 
 
Figure S4. eIF5A purification and modification, stimulation of Met-Puromycin 
formation, and analysis of in vitro peptidyl-tRNA dropoff – Related to Figures 3 and 
4 
(A) Coomassie blue stained gel of purified eIF5A proteins. (B) MALDI-TOF analysis of 
purified eIF5A proteins to confirm hypusine modification. (C) Electrophoretic TLC 
analysis of in vitro Met-Puromycin assay. Time points of Met-Puro formation were 
quantified and reaction progression fitted to a single exponential to calculate the observed 
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rate. (D) Electrophoretic TLC analysis of dropoff products in elongation reactions as 
observed by addition of peptidyl-tRNA hydrolase (PTH). 
 
Figure S5. Effect of C-terminal amino acid and +4 nucleotide on eIF5A-stimulated 
termination – Related to Figure 5 
(A) Violin plot of pause scores at stop codons in WT and eIF5Ad cells sorted by C-
terminal amino acid. Fold change indicates the average pause score ratio of eIF5Ad/WT. 
(B) Similar to (A), but sorted by the nucleotide following the stop codon.  
 
Figure S6. eIF5A is a potent stimulator of peptide release activity, is heat-
insensitive, and is a common contaminant of protein purifications – Related to 
Figure 6 
(A) Electrophoretic TLC analysis of eRF1:eRF3 peptide release kinetics in the presence 
of various amounts of hyspusinated eIF5A, hypusinated eIF5A that was boiled at 95oC 
for 15 min prior to addition, unmodified eIF5A, and a purified His6-MBP construct 
expressed in S. cerevisiae containing low-level (though highly active) eIF5A 
contamination (see protein purification methods for more discussion). (B) Observed rates 





Figure S7. eIF5A stimulates peptide release on pelleted elongation complexes, non-
pelleted complexes, and functions through canonical eRF1-GGQ mechanism – 
Related to Figure 6 
(A) Electrophoretic TLC analysis of eRF1:eRF3 peptide release kinetics in the presence 
of hypusinated eIF5A using pelleted MFK complexes containing UAA stop codon in A 
site. (B) Same as (A) except using elongation complexes that were not pelleted, 
containing MFFK peptide and UAA stop codon in A site. TLCs were cropped to include 
similar time points for comparison. (C) Analysis of eIF5A stimulation of peptide release 
kinetics in presence of wild-type eRF1 and an eRF1 GGQàAGQ mutant that is defective 
for peptidyl hydrolysis.  
 
Table S1. Pausing at tripeptide motifs in WT and eIF5Ad cells – Related to Figure 2 
and 7 
Pause scores of 6,022 tripeptide motifs are computed for WT and eIF5Ad cells, and 
ranked by the pause scores in eIF5Ad cells. Motifs with less than 100 occurrences in 
yeast transcriptome were excluded. Ratio denotes pause score ratio of eIF5Ad/WT. 
Counts are the numbers of motifs included for average.  
 
Table S2. Pause scores for dipeptide motifs in WT and eIF5Ad cells – Related to 
Figure 3 
Pause scores of 396 dipeptide motifs, ranked by the pause scores in eIF5Ad cells. Motifs 
with less than 500 occurrences in yeast transcriptome were excluded.  
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Only the top 250 motifs are provided here. The full table is available online with 
corresponding manuscript Schuller et al. Molecular Cell (2017). 
 







1 GPP 5.531 24.018 4.342 223 227 
2 DDP 4.783 23.317 4.875 395 394 
3 PDP 4.934 22.751 4.611 212 212 
4 DPP 4.028 22.284 5.532 150 153 
5 DNP 6.047 21.509 3.557 279 278 
6 PPP 3.988 21.349 5.353 832 838 
7 DGP 3.228 20.841 6.457 226 227 
8 PDK 2.841 18.399 6.476 278 280 
9 SPP 4.551 16.852 3.703 434 439 
10 PDG 3.221 16.302 5.061 339 343 
11 PPG 6.574 15.309 2.329 299 299 
12 GDP 4.926 15.234 3.092 186 186 
13 PDI 2.531 13.578 5.365 412 415 
14 PGP 2.657 13.436 5.058 155 154 
15 PDR 3.211 13.389 4.17 150 151 
16 PPA 2.66 13.275 4.991 335 339 
17 DPG 3.695 12.961 3.508 156 156 
18 RDK 3.488 12.73 3.65 339 340 
19 PPV 2.67 12.711 4.76 371 377 
20 PDA 2.392 12.195 5.099 299 301 
21 PDV 2.334 12.173 5.215 359 362 
22 PPE 4.578 11.257 2.459 274 277 
23 PPD 4.401 10.835 2.462 216 222 
24 APP 2.851 10.796 3.787 397 407 
25 DVG 2.592 10.405 4.015 337 333 
26 DDG 2.293 10.337 4.509 535 533 
27 MPP 2.855 10.318 3.614 138 141 
28 GGT 4.485 10.148 2.262 427 429 
29 DSP 2.321 10.022 4.318 482 476 
30 PGR 3.121 9.93 3.181 226 228 
31 PPF 1.386 9.678 6.98 179 183 
32 PGI 2.176 9.626 4.424 272 275 
33 PPR 2.37 9.564 4.035 269 268 
34 GDT 3.878 9.549 2.462 359 366 
35 TPP 3.245 9.524 2.935 378 379 
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36 GDG 2.945 9.498 3.225 430 431 
37 PGG 3.69 9.496 2.573 258 262 
38 PDD 3.079 9.254 3.006 334 333 
39 ILW 2.496 9.083 3.639 142 144 
40 EPP 2.148 8.985 4.182 251 252 
41 NDP 2.376 8.984 3.782 484 488 
42 GPG 3.627 8.956 2.469 241 241 
43 PDE 2.21 8.835 3.999 416 419 
44 PPN 2.877 8.809 3.061 306 309 
45 PDQ 2.293 8.744 3.813 163 160 
46 GGP 2.683 8.665 3.229 227 231 
47 HPP 2.08 8.614 4.142 102 102 
48 DGG 3.098 8.608 2.779 349 352 
49 NPP 2.471 8.395 3.397 252 257 
50 DIG 1.821 8.272 4.542 412 412 
51 TGP 3.187 8.216 2.578 245 248 
52 DVP 1.968 8.193 4.164 386 390 
53 EIG 2.18 7.976 3.658 400 399 
54 RPP 2.741 7.952 2.901 248 246 
55 DYP 1.852 7.854 4.241 182 182 
56 DLP 1.887 7.649 4.053 657 663 
57 PPI 1.909 7.642 4.002 334 337 
58 EVG 2.114 7.605 3.597 361 357 
59 PEP 2.252 7.553 3.355 278 278 
60 VPI 1.385 7.537 5.44 471 478 
61 PGA 2.26 7.311 3.234 272 273 
62 SGP 2.361 7.22 3.058 321 325 
63 PPK 2.007 7.218 3.596 394 388 
64 SPG 3.617 7.141 1.974 356 362 
65 RGP 3.359 7.126 2.121 194 197 
66 MDV 1.498 7.039 4.7 192 192 
67 GGG 4.507 6.973 1.547 628 640 
68 EPG 2.442 6.938 2.841 219 223 
69 PPY 2.119 6.897 3.255 172 172 
70 PIP 1.505 6.786 4.508 386 388 
71 SPT 2.4 6.701 2.793 737 737 
72 PGV 1.791 6.693 3.737 314 317 
73 RDR 2.531 6.661 2.632 302 303 
74 PNI 1.514 6.587 4.349 446 450 
75 DAP 1.645 6.568 3.994 286 286 
76 SGG 3.485 6.54 1.877 702 710 
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77 VPF 1.212 6.488 5.351 317 316 
78 PNP 1.754 6.33 3.609 281 280 
79 GIG 2.036 6.307 3.098 441 447 
80 PNE 1.444 6.258 4.333 412 408 
81 ADP 2.053 6.231 3.035 250 254 
82 DPV 1.741 6.198 3.56 356 358 
83 RPR 2.212 6.183 2.795 224 227 
84 VPY 1.402 6.113 4.362 225 229 
85 EGP 2.313 6.102 2.638 221 224 
86 PGD 2.471 6.099 2.468 246 248 
87 WLT 1.443 6.095 4.222 121 123 
88 EGG 2.192 6.089 2.778 341 341 
89 DIP 1.463 6.065 4.147 575 582 
90 EIW 3.133 6.063 1.935 118 117 
91 GNP 1.876 6.056 3.229 298 296 
92 PGL 1.4 6.027 4.306 456 458 
93 EDG 1.899 5.965 3.141 637 639 
94 SDG 2.565 5.958 2.323 577 579 
95 PNV 1.421 5.957 4.193 410 413 
96 KPP 2.306 5.933 2.573 289 292 
97 EDP 2.086 5.906 2.832 432 438 
98 NNP 2.876 5.858 2.036 429 434 
99 PVP 1.749 5.816 3.326 408 392 
100 GPT 3.31 5.81 1.756 233 238 
101 AGP 2.064 5.754 2.788 217 219 
102 PGK 2.192 5.737 2.617 287 287 
103 VPP 1.972 5.71 2.895 393 396 
104 SDP 2.265 5.685 2.51 484 485 
105 DPT 1.695 5.678 3.35 465 463 
106 ADG 1.947 5.672 2.912 361 360 
107 PGN 1.254 5.654 4.507 244 247 
108 DSG 1.639 5.629 3.433 530 533 
109 PGE 1.967 5.583 2.839 267 272 
110 PDN 1.506 5.52 3.664 281 282 
111 PPQ 1.866 5.495 2.944 330 332 
112 DLG 1.77 5.478 3.096 569 575 
113 YGP 2.719 5.475 2.013 207 205 
114 GDQ 2.089 5.406 2.588 163 166 
115 PAI 1.541 5.394 3.5 367 366 
116 DPI 1.172 5.372 4.583 415 416 
117 PGQ 1.445 5.307 3.673 187 186 
	 109	
118 TDP 3.01 5.287 1.757 399 402 
119 GAP 1.965 5.177 2.634 281 284 
120 LPP 2.47 5.151 2.085 860 865 
121 VPV 1.544 5.148 3.335 480 486 
122 GVG 1.805 5.142 2.849 454 448 
123 DYG 1.47 5.121 3.483 205 206 
124 PLP 1.778 5.094 2.866 709 714 
125 PPM 1.873 5.085 2.715 105 105 
126 GDV 1.293 5.059 3.912 493 503 
127 DPD 2.092 5.052 2.415 344 351 
128 DFP 1.636 5.032 3.075 248 251 
129 SPQ 2.065 5.004 2.424 406 405 
130 WDT 1.66 4.997 3.011 111 111 
131 YDP 1.669 4.992 2.991 309 305 
132 DTG 1.467 4.977 3.393 303 309 
133 GSP 1.677 4.963 2.96 444 442 
134 YIG 1.583 4.949 3.127 244 245 
135 DPQ 1.45 4.943 3.409 235 234 
136 GVP 1.964 4.856 2.472 406 413 
137 NIG 1.351 4.822 3.569 425 426 
138 WLP 1.842 4.799 2.606 118 120 
139 IPI 1.058 4.78 4.518 573 578 
140 YGG 2.614 4.778 1.828 294 296 
141 GDI 1.201 4.762 3.964 567 569 
142 VPD 2.373 4.76 2.006 356 355 
143 GSG 1.557 4.682 3.008 821 825 
144 PVG 1.484 4.676 3.15 286 287 
145 NVG 1.554 4.618 2.971 426 423 
146 PNG 1.342 4.598 3.426 399 406 
147 VDW 2.069 4.589 2.218 100 101 
148 AVG 1.374 4.582 3.334 460 464 
149 YPP 1.8 4.56 2.533 166 167 
150 GLP 1.706 4.518 2.648 595 588 
151 PEG 1.351 4.497 3.329 353 352 
152 QPP 1.945 4.439 2.282 261 263 
153 KDK 1.313 4.411 3.36 776 787 
154 PNA 1.393 4.391 3.152 345 340 
155 AGG 2.215 4.389 1.982 556 552 
156 YVG 2.011 4.382 2.178 255 254 
157 NGP 2.052 4.351 2.12 274 272 
158 PPL 1.164 4.323 3.714 565 574 
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159 AIG 1.336 4.296 3.216 500 498 
160 IPP 1.983 4.28 2.158 472 474 
161 DGT 1.915 4.279 2.234 536 538 
162 VLQ 1.146 4.27 3.724 605 611 
163 TGQ 2.19 4.244 1.938 238 242 
164 PDS 1.696 4.241 2.5 487 491 
165 DPA 1.836 4.239 2.308 312 312 
166 TGG 2.823 4.239 1.501 473 477 
167 SDT 2.136 4.231 1.981 586 596 
168 SVG 1.388 4.225 3.043 569 567 
169 PGT 2.115 4.219 1.995 324 322 
170 RGR 2.155 4.21 1.954 306 305 
171 VLH 1.109 4.19 3.778 289 287 
172 PIG 1.327 4.187 3.156 303 302 
173 PGF 1.807 4.184 2.315 262 261 
174 GPD 1.749 4.183 2.392 205 206 
175 RPK 1.751 4.164 2.378 274 273 
176 VVT 1.466 4.156 2.834 510 505 
177 ELG 1.881 4.15 2.207 647 645 
178 DTP 1.503 4.145 2.758 351 355 
179 GIP 1.709 4.138 2.421 508 515 
180 GYP 1.641 4.133 2.518 184 185 
181 NDG 2.007 4.13 2.058 457 458 
182 YDG 2.031 4.129 2.033 225 230 
183 VVH 1.401 4.126 2.944 153 154 
184 PYP 1.618 4.109 2.539 139 139 
185 TLW 1.542 4.103 2.662 123 122 
186 VPL 1.135 4.101 3.612 727 732 
187 YGE 1.881 4.1 2.18 275 278 
188 PDL 1.072 4.099 3.823 602 603 
189 PSG 1.486 4.09 2.753 448 453 
190 TDT 2.726 4.084 1.498 384 390 
191 DRP 2.735 4.077 1.491 179 178 
192 ILQ 1.085 4.054 3.735 830 835 
193 PAP 1.615 4.047 2.505 385 393 
194 TPQ 1.474 4.045 2.744 342 343 
195 KDR 1.825 4.032 2.209 408 407 
196 DNG 1.581 4.032 2.551 486 489 
197 GDA 1.271 4.022 3.165 361 366 
198 RDP 1.827 4.021 2.2 259 261 
199 TDQ 2.941 4.002 1.361 228 224 
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200 GEP 1.524 3.995 2.621 266 271 
201 PAG 1.556 3.995 2.567 290 291 
202 PPH 1.291 3.984 3.087 131 132 
203 PDH 1.833 3.983 2.172 112 112 
204 ELP 1.754 3.973 2.265 704 712 
205 VDK 1.915 3.935 2.054 550 550 
206 AVP 1.953 3.931 2.013 341 341 
207 ETG 1.591 3.926 2.468 427 426 
208 SDQ 2.41 3.92 1.627 283 282 
209 MAP 1.593 3.905 2.451 150 151 
210 PPT 1.994 3.904 1.958 383 392 
211 PDT 1.992 3.893 1.954 286 288 
212 TPT 1.478 3.883 2.627 625 611 
213 VIH 1.119 3.878 3.467 194 202 
214 EIP 1.442 3.873 2.687 500 506 
215 GDR 1.7 3.855 2.267 254 251 
216 DGD 1.414 3.85 2.723 442 445 
217 DEP 1.982 3.818 1.926 366 370 
218 ENG 1.679 3.812 2.27 705 700 
219 LGP 2.121 3.802 1.793 437 439 
220 VIQ 1.12 3.8 3.392 313 312 
221 MDP 2.648 3.788 1.431 163 168 
222 GNG 1.549 3.777 2.439 498 501 
223 VPH 1.218 3.757 3.086 157 162 
224 ELW 1.722 3.742 2.173 160 161 
225 ILH 0.945 3.738 3.956 345 347 
226 VPN 1.133 3.711 3.274 374 376 
227 PVI 1.136 3.704 3.261 459 466 
228 APG 2.108 3.704 1.757 275 280 
229 SPH 2.095 3.69 1.761 181 185 
230 GST 1.362 3.69 2.71 757 760 
231 DPF 1.317 3.688 2.8 290 292 
232 APD 1.801 3.679 2.042 234 235 
233 RLK 2.945 3.669 1.246 869 872 
234 DHP 1.42 3.656 2.575 147 146 
235 ALW 1.879 3.652 1.943 124 122 
236 DST 1.183 3.646 3.082 745 746 
237 SGT 1.921 3.635 1.892 695 702 
238 ADT 1.625 3.631 2.235 348 351 
239 AGT 1.799 3.628 2.017 424 422 
240 PNN 0.923 3.619 3.92 376 377 
	 112	
241 SIG 1.292 3.618 2.801 658 665 
242 MNV 0.954 3.614 3.789 165 166 
243 HGG 2.284 3.604 1.578 180 186 
244 VVQ 1.467 3.598 2.453 301 304 
245 DQP 1.887 3.579 1.897 160 161 
246 PYG 1.141 3.564 3.124 183 183 
247 HVG 1.367 3.555 2.601 136 135 
248 GWI 1.211 3.54 2.922 109 109 
249 GAT 1.586 3.529 2.225 476 473 













1 PP 2.871 10.438 3.635 6314 6330 
2 DP 2.435 6.192 2.543 6505 6517 
3 GP 2.386 5.834 2.445 4354 4369 
4 DG 2.03 4.706 2.319 7656 7656 
5 PG 2.672 4.454 1.667 4969 4989 
6 GG 2.402 4.105 1.709 8309 8325 
7 PW 1.75 3.77 2.154 1112 1087 
8 VG 1.489 3.625 2.434 7623 7588 
9 IG 1.333 3.545 2.658 8261 8258 
10 LW 1.531 3.458 2.259 2345 2353 
11 VW 1.728 3.203 1.853 1406 1416 
12 PD 1.858 3.179 1.711 5701 5713 
13 WP 1.62 3.159 1.95 759 766 
14 NP 1.952 3.141 1.609 6407 6428 
15 LP 1.653 3.024 1.829 12326 12323 
16 VP 1.89 3.001 1.588 7383 7360 
17 PT 1.562 3.001 1.921 7309 7257 
18 IP 1.314 2.967 2.258 8654 8663 
19 GT 1.864 2.753 1.477 7900 7854 
20 DT 1.445 2.705 1.872 7886 7896 
21 GW 1.846 2.679 1.451 1476 1493 
22 IW 1.606 2.671 1.663 1903 1904 
23 PQ 1.354 2.653 1.96 5009 5032 
24 PI 1.081 2.628 2.431 7474 7476 
25 DK 1.289 2.55 1.978 9642 9673 
26 PV 1.344 2.504 1.863 6871 6840 
27 DQ 1.36 2.393 1.76 4561 4584 
28 DI 0.956 2.356 2.464 11345 11346 
29 LQ 1.105 2.354 2.131 11810 11817 
30 DW 1.96 2.334 1.191 1649 1652 
31 VT 1.23 2.274 1.849 8610 8530 
32 GQ 1.315 2.251 1.712 4357 4360 
33 GD 1.264 2.229 1.764 7176 7186 
34 DV 1.18 2.175 1.843 9245 9259 
35 LG 1.32 2.173 1.647 11794 11776 
36 SG 1.344 2.16 1.608 11601 11587 
37 PN 1.074 2.158 2.011 6476 6500 
38 SP 1.622 2.153 1.327 10252 10266 
	 114	
39 PA 1.428 2.097 1.468 5857 5877 
40 YP 1.343 2.071 1.542 3484 3503 
41 LT 0.991 2.065 2.085 13938 13942 
42 DD 1.091 2.046 1.876 12785 12798 
43 AP 1.441 2.026 1.406 6093 6061 
44 PR 1.729 2.013 1.164 4597 4609 
45 MP 1.604 2.001 1.247 2076 2088 
46 MV 1.313 1.962 1.495 3143 3148 
47 PE 1.434 1.957 1.365 7676 7686 
48 NG 1.296 1.937 1.495 9289 9290 
49 DR 1.787 1.926 1.078 5463 5481 
50 PY 1.339 1.918 1.433 3567 3577 
51 IT 0.869 1.911 2.2 9901 9867 
52 VQ 1.13 1.867 1.652 5270 5281 
53 IQ 0.949 1.811 1.908 6177 6191 
54 LH 0.903 1.797 1.989 5403 5425 
55 GI 1.158 1.796 1.551 9093 9071 
56 GE 1.307 1.794 1.373 7720 7715 
57 TG 1.234 1.777 1.439 8219 8191 
58 PF 0.987 1.736 1.758 4961 4969 
59 DE 1.119 1.727 1.543 13514 13532 
60 YG 1.229 1.727 1.405 4843 4847 
61 DA 1.258 1.714 1.362 8371 8370 
62 EP 1.592 1.706 1.071 5482 5487 
63 PH 1.15 1.703 1.481 2521 2534 
64 GA 1.488 1.68 1.129 7394 7407 
65 WI 0.921 1.656 1.798 1590 1590 
66 MG 1.2 1.649 1.374 3054 3064 
67 WG 1.056 1.647 1.559 1312 1316 
68 AG 1.261 1.62 1.284 7488 7487 
69 YW 1.292 1.561 1.208 980 983 
70 TW 1.659 1.559 0.94 1495 1494 
71 VD 1.015 1.557 1.534 8959 8973 
72 PL 0.863 1.554 1.8 11101 11133 
73 SW 1.553 1.53 0.985 2016 2013 
74 EG 1.127 1.523 1.352 7402 7407 
75 AW 1.596 1.515 0.949 1265 1262 
76 GR 1.951 1.51 0.774 5571 5567 
77 VH 1.049 1.48 1.41 2924 2944 
78 NI 0.835 1.456 1.745 10724 10734 
79 LV 0.918 1.425 1.552 13524 13509 
	 115	
80 PK 1.141 1.388 1.217 7627 7625 
81 IH 0.884 1.385 1.568 3516 3534 
82 WD 0.931 1.378 1.48 1670 1670 
83 FP 1.421 1.369 0.964 4863 4874 
84 ST 0.949 1.362 1.435 16151 15956 
85 GV 1.297 1.353 1.043 7921 7909 
86 RP 1.798 1.332 0.741 4363 4369 
87 GN 0.809 1.327 1.639 7814 7829 
88 TP 1.296 1.287 0.993 7835 7787 
89 LD 0.801 1.283 1.602 14397 14403 
90 QG 1.251 1.282 1.025 4560 4564 
91 TD 1.001 1.276 1.275 7927 7913 
92 PS 1.183 1.273 1.076 11122 11102 
93 QW 1.383 1.261 0.912 1061 1074 
94 QP 1.659 1.255 0.757 4179 4189 
95 GL 0.968 1.254 1.295 11971 11954 
96 DS 0.987 1.247 1.263 13052 13064 
97 MT 0.935 1.24 1.327 3150 3146 
98 DL 0.898 1.221 1.359 15148 15132 
99 LI 0.768 1.22 1.589 15438 15420 
100 GS 1.136 1.216 1.07 12416 12400 
101 NE 0.875 1.213 1.386 11652 11673 
102 ID 0.801 1.204 1.504 10786 10802 
103 WQ 0.743 1.202 1.618 987 993 
104 WV 0.995 1.196 1.202 1405 1411 
105 HP 1.555 1.191 0.766 2828 2849 
106 TQ 0.948 1.189 1.254 5128 5144 
107 RW 2.032 1.186 0.584 1215 1219 
108 NV 0.928 1.181 1.273 9018 9025 
109 LE 0.874 1.18 1.351 16435 16445 
110 SQ 0.888 1.179 1.327 9233 9235 
111 PM 1.204 1.151 0.956 2026 2038 
112 WA 1.099 1.144 1.041 1309 1307 
113 ND 0.853 1.139 1.335 10935 10957 
114 NW 1.496 1.131 0.756 1626 1644 
115 YT 0.875 1.128 1.29 4558 4551 
116 MA 1.05 1.107 1.055 3576 3589 
117 FW 1.16 1.096 0.944 1349 1332 
118 YQ 0.879 1.075 1.224 3421 3434 
119 AT 1.113 1.075 0.966 9528 9477 
120 NQ 0.846 1.054 1.246 5103 5121 
	 116	
121 LA 1.021 1.051 1.029 13876 13850 
122 MS 0.705 1.047 1.485 4989 5013 
123 WE 0.876 1.04 1.187 1662 1645 
124 WT 0.951 1.037 1.091 1319 1333 
125 TT 0.949 1.03 1.085 11214 10938 
126 RT 1.32 1.028 0.779 6271 6272 
127 FG 1.074 1.028 0.958 6630 6616 
128 TE 1.015 1.027 1.012 8592 8482 
129 DN 0.695 1.026 1.476 8643 8646 
130 EW 1.389 1.016 0.731 1659 1663 
131 SD 0.941 1.006 1.069 12254 12272 
132 YI 0.693 0.996 1.436 5365 5382 
133 HG 1.28 0.986 0.77 2903 2914 
134 AD 1.112 0.981 0.882 6925 6931 
135 VS 0.978 0.974 0.996 12962 12933 
136 YD 0.81 0.973 1.201 5526 5541 
137 LN 0.601 0.971 1.615 15408 15419 
138 GK 1.053 0.97 0.921 9930 9953 
139 QQ 1.004 0.969 0.966 7746 7772 
140 VE 1.015 0.969 0.954 9547 9553 
141 GH 1.13 0.963 0.853 2897 2906 
142 NA 1.047 0.958 0.915 8554 8543 
143 VA 1.129 0.953 0.844 8872 8872 
144 VN 0.751 0.948 1.262 8191 8226 
145 WL 0.693 0.944 1.361 2542 2542 
146 LS 0.814 0.942 1.157 22449 22446 
147 AI 0.868 0.942 1.085 9727 9718 
148 DH 1.106 0.941 0.851 2900 2920 
149 NR 1.708 0.939 0.55 5878 5899 
150 WK 1.135 0.933 0.822 2305 2311 
151 QT 1.035 0.921 0.889 5249 5256 
152 MD 0.795 0.915 1.15 3478 3487 
153 IA 0.958 0.913 0.952 9505 9515 
154 YV 0.928 0.91 0.98 4806 4782 
155 MI 0.874 0.909 1.039 3321 3327 
156 GF 1.024 0.905 0.883 6117 6106 
157 MR 1.434 0.904 0.63 2151 2166 
158 AQ 0.962 0.893 0.928 5629 5660 
159 WR 1.266 0.893 0.706 1293 1299 
160 CE 1.069 0.891 0.834 1600 1610 
161 GY 1.157 0.888 0.767 4672 4655 
	 117	
162 IV 0.824 0.887 1.076 9808 9794 
163 YR 1.387 0.887 0.64 3704 3709 
164 MK 0.984 0.882 0.896 4096 4112 
165 YH 0.775 0.872 1.124 2114 2117 
166 YA 1.031 0.871 0.845 4418 4431 
167 DY 1.134 0.865 0.763 5541 5555 
168 FQ 0.885 0.864 0.976 5115 5134 
169 RG 1.351 0.861 0.637 5559 5578 
170 TI 0.764 0.861 1.126 9925 9877 
171 VI 0.876 0.86 0.983 9458 9454 
172 TV 1.016 0.86 0.847 9340 9289 
173 TA 1.102 0.86 0.78 9241 9195 
174 KP 1.463 0.856 0.585 7816 7833 
175 CP 1.638 0.85 0.519 1337 1340 
176 PC 1.215 0.845 0.696 949 951 
177 FT 0.846 0.843 0.997 6651 6633 
178 RQ 1.151 0.843 0.732 4570 4582 
179 RI 1.189 0.841 0.707 7720 7745 
180 WH 0.737 0.836 1.134 529 531 
181 TN 0.616 0.831 1.35 9150 9096 
182 LY 0.781 0.808 1.035 7984 7992 
183 SE 0.928 0.808 0.87 12705 12656 
184 QD 0.948 0.801 0.845 5667 5678 
185 IE 0.764 0.801 1.049 10972 10971 
186 WS 1.058 0.798 0.754 2206 2208 
187 LK 0.871 0.796 0.913 20430 20457 
188 MQ 0.763 0.794 1.041 1847 1854 
189 VV 0.926 0.794 0.858 9253 9241 
190 FD 0.765 0.793 1.037 7212 7223 
191 FR 1.522 0.79 0.519 4240 4246 
192 TH 0.818 0.788 0.964 3010 3042 
193 ME 0.884 0.778 0.88 3512 3528 
194 MM 1.047 0.777 0.742 1130 1140 
195 YE 0.793 0.776 0.979 5358 5355 
196 AV 1.04 0.776 0.746 8361 8350 
197 IN 0.565 0.773 1.368 10286 10304 
198 LR 1.483 0.771 0.52 11872 11890 
199 WN 0.669 0.763 1.142 1715 1718 
200 SA 1.054 0.762 0.724 12609 12538 
201 FH 0.833 0.761 0.914 2709 2710 
202 WY 1.088 0.761 0.699 930 936 
	 118	
203 EH 0.847 0.759 0.897 3277 3289 
204 FI 0.766 0.759 0.99 8020 8027 
205 IS 0.747 0.758 1.014 15848 15809 
206 DM 1 0.757 0.756 2879 2891 
207 MF 0.685 0.753 1.098 2162 2168 
208 MN 0.544 0.749 1.376 3458 3474 
209 EQ 0.839 0.748 0.891 6934 6963 
210 RV 1.043 0.743 0.713 5843 5854 
211 NL 0.75 0.739 0.985 13884 13917 
212 NT 0.811 0.733 0.905 9113 9132 
213 II 0.65 0.732 1.127 11377 11361 
214 AK 1.031 0.726 0.704 10637 10660 
215 IR 1.387 0.723 0.522 7409 7413 
216 NS 0.868 0.718 0.827 15590 15593 
217 VR 1.572 0.715 0.455 6049 6058 
218 RD 1.216 0.715 0.588 6472 6470 
219 LF 0.665 0.713 1.071 10984 10992 
220 ET 0.878 0.708 0.807 9722 9695 
221 AA 1.131 0.705 0.623 10711 10694 
222 HQ 0.884 0.697 0.788 2150 2167 
223 HV 0.921 0.695 0.755 3031 3045 
224 AR 1.362 0.694 0.51 6353 6371 
225 ED 0.701 0.693 0.988 11865 11873 
226 GM 1.175 0.691 0.588 2485 2491 
227 AE 1.024 0.69 0.673 8178 8211 
228 HW 1.206 0.685 0.568 641 643 
229 YL 0.66 0.681 1.031 8670 8657 
230 LL 0.701 0.679 0.97 25523 25484 
231 TR 1.228 0.677 0.551 6185 6211 
232 CG 1.193 0.676 0.567 2115 2118 
233 HE 0.934 0.675 0.722 3374 3378 
234 NK 0.771 0.67 0.869 11230 11262 
235 FA 0.947 0.666 0.703 6311 6305 
236 SS 0.869 0.666 0.766 29487 29110 
237 KG 1.297 0.664 0.512 7939 7937 
238 HT 0.969 0.661 0.682 2778 2788 
239 LM 0.823 0.661 0.803 4532 4538 
240 EV 0.957 0.648 0.677 9012 8997 
241 SI 0.798 0.647 0.81 15054 15055 
242 FK 0.933 0.645 0.692 8186 8200 
243 GC 1.291 0.645 0.5 1842 1848 
	 119	
244 SR 1.396 0.643 0.46 10195 10203 
245 FV 0.766 0.643 0.839 6555 6573 
246 VY 0.96 0.642 0.669 4791 4799 
247 TL 0.64 0.641 1 14537 14564 
248 YY 0.783 0.638 0.815 3597 3606 
249 RL 0.843 0.638 0.756 11192 11215 
250 RR 1.651 0.637 0.386 7476 7500 
251 HD 0.911 0.637 0.699 3260 3274 
252 QV 1.093 0.631 0.578 5341 5336 
253 QI 0.847 0.63 0.744 6437 6447 
254 TC 1.088 0.63 0.579 1644 1649 
255 FE 0.773 0.629 0.814 7385 7377 
256 RK 1.237 0.624 0.505 9876 9872 
257 YK 0.886 0.623 0.704 5869 5890 
258 NH 0.833 0.623 0.748 3112 3133 
259 RY 1.228 0.618 0.503 4072 4075 
260 RM 1.074 0.617 0.575 2106 2125 
261 TS 0.851 0.616 0.724 15315 15124 
262 WF 0.715 0.616 0.862 1315 1320 
263 AY 1.09 0.616 0.565 4440 4442 
264 EI 0.681 0.613 0.901 11554 11548 
265 DF 0.845 0.61 0.721 7212 7217 
266 QA 1.181 0.609 0.516 5182 5202 
267 NY 0.983 0.608 0.618 5224 5246 
268 CR 1.743 0.608 0.349 1266 1264 
269 MC 1.059 0.602 0.569 629 628 
270 YS 0.873 0.6 0.688 7177 7178 
271 SH 0.791 0.6 0.759 4985 5002 
272 KW 1.306 0.599 0.459 1996 2008 
273 SV 0.879 0.599 0.681 12311 12271 
274 HI 0.766 0.598 0.78 3603 3621 
275 KV 0.882 0.595 0.674 10415 10411 
276 NN 0.523 0.595 1.137 12884 12902 
277 MY 0.808 0.593 0.733 1457 1461 
278 SY 0.912 0.593 0.65 6553 6569 
279 TY 0.958 0.589 0.615 4358 4361 
280 YN 0.587 0.584 0.994 5062 5079 
281 IK 0.8 0.583 0.729 12137 12132 
282 LC 0.921 0.582 0.632 3299 3299 
283 VL 0.843 0.578 0.685 14106 14096 
284 QR 1.397 0.575 0.412 5327 5349 
	 120	
285 CD 0.965 0.575 0.596 1719 1731 
286 QE 0.995 0.572 0.575 7439 7454 
287 CI 0.822 0.571 0.694 2405 2414 
288 QS 0.892 0.571 0.64 7661 7695 
289 IL 0.62 0.569 0.918 16974 16987 
290 SN 0.558 0.569 1.021 15621 15619 
291 VM 0.998 0.567 0.568 2691 2694 
292 HR 1.501 0.567 0.378 2531 2546 
293 RE 1.03 0.567 0.55 7429 7435 
294 AS 0.882 0.565 0.641 13245 13187 
295 ER 1.232 0.563 0.457 8003 8025 
296 FY 0.781 0.563 0.72 4124 4129 
297 WC 1.165 0.563 0.483 582 588 
298 AN 0.687 0.562 0.817 8294 8310 
299 VC 1.386 0.56 0.404 1948 1925 
300 AL 0.691 0.558 0.808 14205 14189 
301 QH 0.969 0.555 0.573 2195 2201 
302 IY 0.769 0.555 0.721 5434 5437 
303 HK 1.063 0.55 0.518 3328 3348 
304 QL 0.775 0.549 0.708 10798 10827 
305 VF 0.757 0.545 0.72 6440 6433 
306 VK 0.945 0.542 0.573 10304 10292 
307 RA 1.304 0.537 0.412 6002 6021 
308 EA 1.004 0.535 0.533 9191 9192 
309 AH 0.92 0.535 0.581 2853 2874 
310 FL 0.64 0.534 0.835 11143 11136 
311 TF 0.746 0.531 0.711 6672 6660 
312 RH 1.162 0.526 0.453 2589 2603 
313 CL 0.753 0.525 0.698 3337 3343 
314 SL 0.718 0.521 0.726 22724 22722 
315 AM 1.024 0.518 0.506 3012 3011 
316 RS 1.073 0.511 0.476 9645 9667 
317 QY 0.984 0.511 0.519 3562 3577 
318 QK 0.977 0.509 0.521 7315 7316 
319 EE 0.76 0.508 0.669 16302 16323 
320 KD 0.86 0.506 0.588 11305 11308 
321 ES 0.724 0.504 0.695 12936 12858 
322 FS 0.824 0.5 0.607 9493 9505 
323 TM 1.03 0.488 0.473 2662 2665 
324 QN 0.658 0.481 0.731 6281 6313 
325 FM 0.953 0.481 0.505 2079 2073 
	 121	
326 KE 1.001 0.48 0.479 14519 14524 
327 YM 0.857 0.479 0.559 1645 1654 
328 EY 0.797 0.479 0.6 5841 5834 
329 IC 0.903 0.478 0.53 2369 2378 
330 IF 0.592 0.478 0.808 7949 7958 
331 KQ 0.938 0.471 0.502 7417 7443 
332 HA 1.05 0.471 0.448 2592 2612 
333 KR 1.291 0.465 0.36 10628 10639 
334 IM 0.757 0.464 0.613 3148 3165 
335 FN 0.551 0.464 0.842 6942 6963 
336 CY 1.116 0.464 0.415 1150 1164 
337 ML 0.654 0.461 0.704 4635 4651 
338 DC 1.063 0.458 0.431 1689 1683 
339 QF 0.773 0.457 0.592 4473 4492 
340 NM 0.708 0.455 0.643 2818 2831 
341 CQ 0.81 0.453 0.559 1195 1203 
342 TK 0.781 0.447 0.572 10792 10787 
343 EL 0.712 0.447 0.628 17001 16990 
344 RF 1.018 0.447 0.439 5003 5021 
345 YC 0.981 0.447 0.455 1376 1381 
346 SK 0.803 0.444 0.553 17305 17290 
347 RN 0.725 0.443 0.611 7055 7077 
348 KI 0.706 0.443 0.627 13125 13149 
349 RC 1.524 0.443 0.291 1459 1477 
350 CA 1.056 0.443 0.419 1601 1604 
351 EK 0.785 0.441 0.562 14548 14563 
352 HY 0.818 0.438 0.535 2021 2026 
353 HL 0.665 0.432 0.651 5567 5593 
354 QM 0.868 0.432 0.498 1965 1981 
355 YF 0.617 0.431 0.7 4225 4240 
356 KL 0.751 0.43 0.573 19200 19190 
357 HH 0.874 0.424 0.485 1763 1780 
358 NF 0.787 0.423 0.537 6909 6912 
359 QC 0.885 0.422 0.477 1046 1059 
360 NC 0.973 0.419 0.431 1815 1830 
361 KT 0.82 0.417 0.508 10532 10534 
362 FF 0.64 0.414 0.646 5608 5609 
363 EN 0.499 0.406 0.813 12210 12211 
364 CK 0.898 0.406 0.452 1920 1928 
365 SF 0.729 0.402 0.551 10050 10029 
366 SC 1.147 0.398 0.347 2503 2501 
	 122	
367 FC 0.912 0.398 0.436 1408 1402 
368 KK 1.062 0.398 0.375 18253 18276 
369 CV 0.821 0.395 0.481 1885 1881 
370 CM 0.906 0.391 0.432 553 554 
371 SM 0.834 0.391 0.469 4512 4522 
372 MH 0.715 0.388 0.543 954 953 
373 CH 0.932 0.388 0.416 839 841 
374 KY 0.728 0.386 0.531 7030 7042 
375 KA 0.928 0.386 0.416 9733 9734 
376 HM 0.891 0.382 0.429 938 945 
377 HS 0.892 0.379 0.425 5098 5122 
378 EC 0.833 0.375 0.451 1694 1700 
379 AF 0.807 0.372 0.461 5968 5959 
380 HN 0.59 0.368 0.624 3059 3080 
381 CS 0.883 0.36 0.408 2754 2743 
382 KH 0.766 0.347 0.453 3846 3874 
383 CN 0.648 0.343 0.529 1517 1523 
384 AC 1.046 0.342 0.327 1670 1668 
385 HC 0.882 0.339 0.384 807 811 
386 CT 0.894 0.336 0.376 1617 1601 
387 EF 0.655 0.319 0.487 7268 7278 
388 KC 1.033 0.316 0.306 2162 2166 
389 EM 0.81 0.313 0.387 3352 3361 
390 HF 0.643 0.308 0.478 2509 2524 
391 KS 0.714 0.298 0.417 14971 14984 
392 KF 0.643 0.295 0.459 8764 8778 
393 KM 0.674 0.281 0.417 3287 3298 
394 CF 0.704 0.268 0.382 1666 1654 
395 CC 1 0.267 0.267 689 694 






Name Identifier Sequence (5' --> 3') 
Oligo for 
tRNAPro(UGG) oAS 402 
CCAAAGCGAGAATCATACCACTAGAC – 3’ 
Biotin-TEG 
Oligo for 




tRNAIle(AAU) oAS 429 
ATTAGCACGGTGCCTTAACCAACTGGGC – 
3’ Biotin-TEG 
T7 Clamp oAS 145 TAATACGACTCACTATAGG 














































































Chapter III: Directed hydroxyl radical probing reveals Upf1 binding to 




Upf1 is an SF1-family RNA helicase that is essential for nonsense-mediated 
decay (NMD) in eukaryotes. While Upf1 has been shown to interact with 80S ribosomes, 
the molecular details of this interaction were unknown. Using purified proteins and high-
throughput sequencing combined with Fe-BABE directed hydroxyl radical probing 
(HTS-BABE) we have characterized the interaction between Upf1 and the 80S ribosome. 
We identify the 1C domain of Upf1, an alpha-helical insertion in the RecA helicase core, 
to be essential for ribosome binding, and determine that the L1 stalk of 25S rRNA is the 
binding site for Upf1 on the ribosome. Using the cleavage sites identified by radical 
probing and high-resolution structures of both Upf1 and the human 80S ribosome, we are 
able to provide a model of the Upf1:80S interaction. Our model requires that the L1 stalk 
adopt an open configuration as adopted by an un-rotated, or classical-state, ribosome. Our 
results shed light on the interaction between Upf1 and the ribosome, and suggest a 
potential role for Upf1 in stabilization of the ribosome classical state through binding to 





In eukaryotes there are several mRNA surveillance pathways that selectively 
degrade mRNAs and rescue ribosomes on mRNAs that are unlikely to produce 
biologically relevant products (Shoemaker and Green, 2012). One of these pathways, 
nonsense-mediated decay (NMD), selectively degrades mRNAs that contain what is 
broadly referred to as a premature termination codon (PTC). These mRNAs are created 
by multiple routes: genes may carry a mutation that results in a PTC (Holbrook et al., 
2004), inefficient splicing may lead to export of a pre-mRNA with a PTC (almost 
inevitably) encoded in the intron (He et al., 1993; Mitrovich and Anderson, 2000), or the 
stop codons of upstream open reading frames (Mendell et al., 2004; Welch and Jacobson, 
1999) and non-coding RNAs (Marquardt et al., 2011; Smith et al., 2014) can be sensed as 
PTCs. In these situations, the cell recognizes an mRNA with a PTC as a substrate for 
degradation, while those mRNAs with normal termination codons (TC) are maintained. 
This discrimination is still only partially understood, though NMD has been shown in 
vivo to regulate 1-10% of the transcriptome, demonstrating that NMD functions quite 
broadly in the regulation of gene expression (Kervestin and Jacobson, 2012; Lelivelt and 
Culbertson, 1999; Medghalchi et al., 2001; Rehwinkel et al., 2005).  
The central molecular players of NMD are the three conserved “up-frameshift” 
proteins Upf1, Upf2, and Upf3 which were originally isolated in genetic screens for 
increased frameshifting output (Culbertson et al., 1980; Leeds et al., 1992). Upf1 is the 
catalytic component of this complex, structurally organized into an N-terminal cysteine-
histidine-rich (CH) domain that interacts with Upf2 and other proteins, and a RecA-like 
helicase core (SF1 family) that is responsible for RNA-dependent ATPase and helicase 
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activities (Chakrabarti et al., 2011; Chamieh et al., 2008; Czaplinski et al., 1995; Weng et 
al., 1998). In contrast, Upf2 and Upf3 are thought of primarily as interacting partners that 
regulate when and where Upf1 activity is implemented (Chamieh et al., 2008; Kervestin 
and Jacobson, 2012; Schoenberg and Maquat, 2012). Despite much molecular 
understanding of interactions between the Upf proteins and their binding partners, we 
know little about the earliest events that trigger NMD on a particular RNA. It has long 
been known that translation is required for NMD (Losson and Lacroute, 1979; Takeshita 
et al., 1984), and it stands to reason that events on the ribosome at the premature 
termination codons will be critical. It also has been shown that Upf1 migrates with 
polysomes (Atkin et al., 1995), and more recently that it can bind ribosomal protein eS26 
in isolation (Min et al., 2013), but the molecular details of interactions with intact 
ribosomes remain poorly characterized. 
Using purified components and a high throughput sequencing-based Fe-BABE 
directed hydroxyl radical probing method (HTS-BABE) we have characterized the 
interaction between Upf1 and the 80S ribosome. We identify the L1 stalk of the 25S 
rRNA as the binding site for Upf1 on 80S ribosomes, and show that this interaction is 
dependent on the 1C domain of Upf1, a small alpha-helical insertion in the RecA helicase 
core. Our Fe-BABE probing data and structural modeling with high-resolution structures 
of the human 80S ribosome and Upf1 allow us to propose that the interaction between 
Upf1 and the L1 stalk requires an open configuration, such as that populated by 
ribosomes with tRNAs bound in a classical state. Taken together our results shed light on 
this critical interaction between Upf1 and the ribosome, and suggest a function for Upf1 




Upf1 directly interacts with 80S ribosome via 1C domain 
 
Several previous studies have shown that Upf1 sediments with 80S ribosomes in 
polysome gradients (Atkin et al., 1995) from cell lysate or binds ribosomal proteins in 
isolation (Min et al., 2013). To better understand the molecular details of the interaction 
between Upf1 and 80S, we used in vitro purified proteins (including full-length Upf1 and 
many variants) (Figure 1A and S1A) and ribosomal subunits to perform ribosome-
pelleting assays (Figure 1B-F and S1B). In these experiments, ribosomal subunits and 
Upf1 were spun through a sucrose cushion and the pellet analyzed by Western blot to 
determine the extent of ribosome-bound Upf1. In an initial reaction, full-length Upf1 
efficiently pelleted with 80S yeast ribosomes but not bacterial 70S ribosomes (Figure 1B, 
lane 3 compared to lane 1). These observations argue that the interaction between Upf1 
and the eukaryotic ribosome is not simply due to the general RNA-binding activity of 
Upf1. We also note that this ribosome binding activity was readily competed by the 
addition of high amounts of polyU in the binding reaction (Figure 1B, lane 4), consistent 
with the fact that Upf1 is known to generally bind RNA and that its ATPase activity is 
stimulated by RNA (Czaplinski et al., 1995). 
Because the ATPase function of Upf1 is known to be critical for NMD in cells, 
we next evaluated the nucleotide dependence of the Upf1:80S interaction. Although Upf1 
interacts with the ribosome under all nucleotide conditions (ATP, ADP, ADPNP, or no 
nucleotide), binding was most effective in the presence of ADP or no nucleotide relative 
to ADPNP or ATP (Figure 1C). These data correlate nicely with reported binding 
constants for the Upf1:polyU interaction under similar conditions (Chakrabarti et al., 
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2011), and further suggest that Upf1 might interact with both rRNA and mRNA through 
similar surfaces. We next asked whether known mutations in Upf1 that perturb ATP 
binding (K436Q), ATP hydrolysis (DE572AA), or RNA binding (RR793AA) impact the 
interaction with the ribosome. We found that Upf1 ATPase mutants DE572AA and 
K436Q efficiently pellet with the ribosome, while the RNA binding mutant (RR793AA) 
pelleted with reduced efficiency (Figure 1D). Each of these variant proteins was as 
readily competed from the ribosome by an excess of polyU RNA as the wild-type Upf1.  
Previous reports suggested a role for the N-terminal CH domain of Upf1 in 
interaction with the ribosome (Min et al., 2013). To test this directly, we purified a 
variant of Upf1 lacking this domain as well as a more severe truncation containing only 
the helicase core of Upf1 (Figure 1A; Upf1 ΔCH and Upf1 NΔ373 respectively). 
Ribosome pelleting assays with these constructs showed that the CH domain was not 
critical for ribosome binding in vitro (Figure 1E). Interestingly, even the Upf1 helicase 
core (Upf1 NΔ373) was efficiently pelleted, although binding by this variant protein was 
less efficiently competed by polyU (likely because much of the mRNA binding surface 
area contained in the CH and 1B domains has been removed).  
 We next focused on the 1C domain of Upf1, a small, conserved insertion in the 
first RecA domain of Upf1 that is comprised of a three alpha-helix bundle that positions 
two positively charged patches on the surface of Upf1. One surface points away from the 
previously defined mRNA binding channel (Helix 1,2) (Figure 1F, cyan residues) and 
another points toward the mRNA binding channel (Helix 3) (Figure 1F, light purple 
residues). We first generated a Upf1 variant where the 1C domain (residues V494-K546) 
was substituted with a stretch of twelve alanine residues (Upf1 1C-12Ala) and found that 
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Upf1 binding to the ribosome was very nearly abolished (Figure 1F, lane 3). More 
selective alanine substitution of several positively charged patches on either of two sides 
of the helical bundle revealed Helix 3 as the more critical surface for ribosome binding 
(Figure 1F, lane 5). This same surface has previously been shown in X-ray structures to 
be involved in mRNA binding (Chakrabarti et al., 2011). In fact, substitution of the 1C 
domain with 12 alanines greatly weakens the mRNA binding ability of Upf1 as 
evidenced by our data (Figure S1C) and others (Cheng et al., 2007). Taken together, our 
results indicate that Upf1 binds ribosomal rRNA through the positively charged 1C 
domain and are consistent with a dual-binding mode for this domain that could allow 
Upf1 to partition between mRNA and the ribosome during NMD. 
 
Development of HTS-BABE method using eIF5A 
 
In order to more precisely define the site of interaction between Upf1 and 80S 
ribosomes, we pursued a hydroxyl radical probing approach using site-specific  Fe-BABE 
labeling. Radical probing/footprinting has been used for decades to identify protein 
binding sites on the ribosome (Powers and Noller, 1995). This approach works by using 
Fenton chemistry to create hydroxyl radicals (in the presence of Fe(II), hydrogen 
peroxide, and ascorbic acid) that directly cleave nucleic acid backbone (Dixon et al., 
1991). To add an additional layer of control to this reaction, Fe-BABE (Fe(II)-
bromoacetamidobenzyl-EDTA) molecules can be site-specifically conjugated at cysteine 
residues on a protein of interest to spatially localize hydroxyl radical generation (Rana 
and Meares, 1991). In this way, hydroxyl radicals are created at the Fe-BABE 
modification site and can diffuse as far as 40 Å to cleave rRNA (Joseph et al., 1997). This 
directed-probing has been used successfully to map protein binding sites on the ribosome 
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(Culver et al., 1999; Heilek and Noller, 1996; Wilson and Noller, 1998), as well as 
conformational rearrangements that occur during translation (He and Green, 2010). The 
cleaved rRNA bases are detected by reverse transcriptase stops in a primer extension 
reaction when comparing a sample that has been labeled with Fe-BABE at a particular 
location to one lacking this modification. Although this method has proven powerful over 
the years, one limitation of the technique is that it requires many primer extension 
reactions and gels to identify cleavage sites across the entire ribosomal rRNA, which is 
costly and extremely time consuming. 
 To improve this method, we adapted Fe-BABE-mediated rRNA cleavage 
detection to high-throughput sequencing technology (HTS-BABE, Figure 2A) as recently 
described for a solution-based experiment aimed at defining the accessible surface area of 
the E. coli 16S rRNA (Kielpinski and Vinther, 2014). Our method uses directed hydroxyl 
radicals created at a site-specific Fe-BABE moiety, rather than those created in solution, 
to allow for high resolution mapping of protein binding sites on the ribosome. We chose 
to test our method using eIF5A, a small protein known to bind the ribosomal E site to 
stimulate global translation elongation and termination (Schuller et al., 2017). eIF5A was 
an ideal candidate to test our method because Fe-BABE probing has previously been 
used to map its specific ribosome binding site (Gutierrez et al., 2013), and a recently 
determined high-resolution cryoEM structure verified this initial positioning (Schmidt et 
al., 2016).  
 We expressed and isolated from S. cerevisiae two previously characterized site-
specific cysteine variants of eIF5A (K48C and T126C) and a “scrubbed” version of 
eIF5A where all cysteines were removed (native C23A and C39T mutated; called eIF5A 
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Δcys) (Figure S2A). These proteins were modified with Fe-BABE and subjected to our 
HTS-BABE approach (Figure 2A). The method begins by incubating ribosomal subunits 
and Fe-BABE labeled eIF5A proteins in the presence of ascorbic acid and hydrogen 
peroxide to initiate Fenton chemistry and hydroxyl radical cleavage. The reactions are 
then quenched by addition of thiourea, and the ribosomal RNA from each reaction with 
Fe-BABE labeled protein or the eIF5A Δcys control is isolated. Subsequently, this 
cleaved rRNA is reverse transcribed using a random nonamer (SN8)-containing 
oligonucleotide and superscript III reverse transcriptase to reveal cleaved bases as reverse 
transcriptase stops. These cDNA fragments are then subjected to a 3′ linker ligation and 
subsequent amplification using barcoded primers for Illumina sequencing (see Methods 
and Materials for details). 
 To identify the rRNA cleavage sites, we mapped our sequencing reads to each of 
the S. cerevisiae ribosomal RNAs and compared the number of RT stops at each position 
for each Fe-BABE variant with the eIF5A Δcys control. For eIF5A K48C, we found 
strongly enhanced rRNA cleavage (outliers from the MA plot) at 8 positions in the 25S 
rRNA compared to eIF5A Δcys (Figure 2B and S2B). For eIF5A T126C, we found 
enhanced cleavage at 6 nucleotides of the 25S rRNA and 6 nucleotides in the 18S rRNA 
(Figure 2C and S2C). Many of these sites overlap with those identified in previous Fe-
BABE probing experiments evaluated with primer extension gels (Gutierrez et al., 2013); 
we also confirmed these cleavage sites using primer extension gel analysis (Figure 2D). 
Importantly, these locations mapped onto the 80S ribosome structure nicely clustered 
within 30 Å of the modified cysteine in the context of the previously solved cryoEM 
structure (Figure 2E and S2D-E) (Schmidt et al., 2016). These experiments performed 
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with eIF5A establish that this method can readily identify Fe-BABE hydroxyl radical 
cleavage locations without the need for primer extension gels. Moreover, with proper 
multiplexing of samples, it is possible to obtain data for many Fe-BABE variants in a 
single sequencing lane. 
 
HTS-BABE reveals Upf1 binding to 25S ribosomal RNA 
 
 We next performed a similar HTS-BABE experiment with Upf1 (and 14 distinct 
site-specific cysteine variants) and the 80S ribosome (Figure 3A and S3A). As the Upf1 
CH domain is cysteine-rich but dispensable for ribosome binding (Figure 1E), we chose a 
Upf1 ΔCH parent construct for this experiment (residues 221-851) (Figure S3B). While 
this truncated Upf1 construct contained 9 natural cysteines, the crystallographic structure 
suggested that 5 were not adequately surface-exposed for Fe-BABE modification and 
were thus left as is. We determined that the remaining 4 cysteines could be removed to 
create soluble, non-aggregated Upf1 (C709A, C777A, C833A, C845A; called Upf1 
Δ4cys) that efficiently pelleted with 80S ribosomes (data not shown). This parent 
construct was then mutated to create site-specific cysteine variants that span the entire 
surface of Upf1, with several localized on or near the ribosome-binding 1C domain that 
we identified above (Fig. 1F). These Upf1 variants were expressed and purified from E. 
coli (see Materials and methods), labeled with Fe-BABE, and subjected to the same HTS-
BABE method developed for eIF5A. 
Our HTS-BABE analysis for these site-specific Upf1 Fe-BABE variants revealed 
two variants with sites of strongly enhanced rRNA cleavage compared to the Upf1 Δ4cys 
control. Upf1 S335C showed enhanced cleavage (outliers from the MA plot) at 25S 
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C2496 and U2497 (19 and 15-fold respectively) (Figure 3B and S3C) and T337C showed 
enhanced cleavage at 25S A2485 (23-fold) (Figure 3C and S3D). Both variants are 
positioned on the 1B domain of Upf1 that is spatially located adjacent to the ribosome-
binding 1C domain (Figure 3D) (i.e. the key residues identified as critical to ribosome 
binding) (Figure 1F). Traditional primer extension analysis for Upf1 S335C (Figure 3E) 
and T337C (Figure 3F) confirmed these strong rRNA cleavage locations, and also 
identified other weaker cleavage sites near this region of the 25S rRNA for these variants 
and several others. 
 
Upf1 1C domain is required for interactions with L1 stalk 
 
The cleavage sites identified by Upf1 Fe-BABE probing map to the 25S rRNA L1 
stalk (Figure 4A). This region of the ribosome has been shown to undergo large-scale 
movements throughout translation elongation in E. coli (Mohan and Noller, 2017). In 
classical-state ribosomes, where the E site is empty, the L1 stalk adopts an “open” 
conformation, oriented away from the ribosome core. After peptidyl-transfer, the 
deacylated tRNA (having just transferred the peptidyl group to the A-site tRNA) adopts a 
hybrid P/E state, and the L1 stalk moves inward to make interactions with the tRNA 
elbow in a “closed” state. Next the L1 stalk moves through two “intermediate-closed” 
positions as the tRNA moves through a pe/E chimeric hybrid state, and finally into a 
classical E/E state. The stalk maintains interactions with the tRNA elbow in these 
intermediate states, so release of the E-site tRNA likely occurs after the stalk fully opens 
again.  
As the L1 region of the ribosome is RNA-rich and flexible, we wondered whether 
this binding site might simply reflect the RNA binding propensity of Upf1. Importantly, 
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however, our HTS-BABE analysis with these 14 Upf1 variants did not show significant, 
reproducible cleavage on other long extended helices on the ribosome such as 18S Helix 
16 and expansion segment 6 (Figure S4A). While we did find modestly enriched cleavage 
on one long RNA helix (18S U649; Figure S4B) for several variants, and another variant 
yielded modestly enriched cleavage on the 18S Helix 21 expansion (Figure S3C), there 
was no evidence for cleavage at these sites using traditional primer extension analysis 
(Figure S4C-D). Taken together, we suggest that these sites are false-positives that 
emerge from our HTS-BABE experiment. We argue that the robust and reproducible 
rRNA cleavage that we observe at the L1 stalk of yeast 80S ribosomes using both HTS-
BABE and traditional primer extension analysis is sufficient to define a binding site for 
Upf1 on the eukaryotic ribosome. 
To further validate the Upf1 binding site, we asked whether the L1 stalk cleavages 
were dependent on the 1C domain of Upf1. We used the Upf1 S335C variant (which 
yielded a strong signal at bases C2496-U2498 of the L1 stalk along with other, weaker 
cleavage sites in the area) to probe the necessity of the 1C domain by constructing an 
S335C 1C-12Ala construct (1C domain replaced with twelve alanine residues) and 
performing the same Fe-BABE probing and primer extension analysis. This experiment 
revealed a loss of cleavage events in the L1 stalk region, suggesting that the 1C domain is 








Model for Upf1 interaction with ribosomal L1 stalk 
 
With the information provided by our HTS-BABE analysis, we can propose a 
preliminary model for how Upf1 may interact with the L1 stalk by rigid-body docking of 
the Upf1 structure on an 80S structure. First, however, as there is no current structural 
data for the complete L1 stalk in the yeast ribosome, we had to model Upf1 onto the 
structure of the human 80S ribosome where the L1 stalk is more defined (PDB 4UG0) 
(Khatter et al., 2015). Importantly, in this human structure, the L1 stalk adopts an 
“intermediate-closed” configuration in the presence of a classical-state E-site tRNA, 
though we anticipate that the human ribosome, like the E. coli ribosome, can also adopt 
an “open” configuration where L1 swings out away from the ribosome (and the E site is 
empty). In the “intermediate-closed” state, we were unable to model a Upf1 molecule 
bound to the L1 stalk without steric clash in the E site of the ribosome (data not shown), 
suggesting that ribosomes may have to adopt the open state in order to permit Upf1 
binding.  
As there are no structures of eukaryotic ribosomes with an open and resolved L1 
stalk, we modeled the “open” state by moving the L1 stalk to align with the open position 
that has been observed in the E. coli 70S ribosome structure; the L1 stalk has been shown 
to move by as much as 38 Å as it transitions between the fully “open” and the 
“intermediate-closed” state (Mohan and Noller, 2017). We therefore moved the human 
L1 stalk by approximately 30 Å (Figure 4C) using a previous E. coli 70S structure where 
the L1 stalk is found in an open configuration (PDB 4V9D) (Dunkle et al., 2011) as a 
guide. This open state created enough space between the L1 stalk and ribosomal E site to 
easily proceed with a rigid-body placement of Upf1. 
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In this open state, we could model Upf1 bound to the L1 stalk by rigidly 
positioning the crystal structure for yeast Upf1 (PDB 2XZL; residues 221-851) 
(Chakrabarti et al., 2011) and using our observed rRNA cleavage sites to guide the 
positioning (Figure 4D-F). The Upf1 T337C variant cleaved A2484-A2486 of yeast 25S 
rRNA which corresponds to A4046-A4048 of human 28S rRNA (colored magenta); the 
S335C variant cleaved C2496-U2498 of yeast 25S rRNA which corresponds to U4058-
U4060 human 28S rRNA (colored cyan). This conformation places Upf1 at the edge of 
the ribosomal E site, with room for the E site tRNA to remain accommodated (Figure 
4E), and places the 1C domain where it can make contacts along Helix 76 of the L1 stalk 
(Figure 4E-F). In this position, Upf1 is seen to be in close proximity to ribosomal protein 
eS26 at the mRNA exit channel consistent with previous reports of interaction between 
the CH domain of Upf1 and eS26 in S. cerevisiae (Min et al., 2013). While we removed 
the CH domain from our modeling exercise (as it was not essential for ribosome binding 
or used in our probing experiments), it is possible that the CH domain could interact with 
eS26 in this position after a large conformational change such as that reported upon Upf2 
binding (Chakrabarti et al., 2011; Clerici et al., 2009). 
 
Upf1 does not affect in vitro reconstituted elongation, termination, or recycling 
reactions 
 Given the binding site of Upf1 on the L1 stalk, and that large-scale movements of 
this region correlate with the ribosome functional state, we wondered if Upf1 could affect 
translation directly through interactions with L1 stalk. To test this possibility, we added 
purified Upf1 (the Upf1 ΔCH variant used for binding site identification) to several well-
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established assays in a fully purified in vitro reconstituted system (Eyler and Green, 
2011; Schuller et al., 2017; Shoemaker et al., 2010; Shoemaker and Green, 2011). We 
first added Upf1 to initiated 80S ribosomes and performed an elongation reaction where 
we monitored penta-peptide (MFFFK) synthesis over time (in the presence of the 
appropriate aminoacyl-tRNAs and the required yeast elongation factors eEF1A, eEF2, 
and eEF3). We see no effect of Upf1 on MFFFK synthesis rate (Figure 5A), suggesting 
that under these conditions, L1 stalk binding by Upf1 has no strong influence on 
translation elongation. Next we tested Upf1 in an in vitro termination reaction, 
monitoring peptide release by the hydrolytic activity of eRF1. As for the elongation 
reaction, Upf1 addition had no effect on this assay (Figure 5B). Finally, we tested the 
effect of Upf1 on ribosome subunit recycling catalyzed by Rli1 (ABCE1 in mammals) 
and eRF1 and, again, observed no effect (Figure 5C). While these assays were repeated 
multiple times, using multiple different conditions to “sensitize” the assay, across several 
preparations of Upf1 including constructs that contained the N-terminal CH domain or 
were ATPase inactive (data not shown), we were unable to observe any significant 
biochemical effects. Taken together, these results do not support a direct role for Upf1 in 
ribosome function, though we recognize that the in vitro reconstituted system may lack 




The nonsense-mediated decay pathway in eukaryotes that selectively degrades 
PTC-containing mRNAs depends on three centrally important Upf proteins (Upf1, Upf2, 
and Upf3). Although much work has been done to shed light on the interactions between 
the Upfs and other proteins, as well as to characterize the factors involved in mRNA 
degradation, many questions remain as to how NMD is initiated on the ribosome. Upf1 is 
the central, catalytic component of the NMD pathway and has been shown to interact 
with 80S ribosomes, likely in an early step of NMD. However, the molecular details and 
functional consequence of this interaction remain poorly characterized. 
Here, using in vitro purified components and a new, sequencing-coupled Fe-
BABE directed hydroxyl radical approach, we characterize the binding interaction 
between Upf1 and the 80S ribosome. We show that the Upf1 1C domain, a small alpha-
helical insertion in the RecA-like helicase core, is critical for ribosome (Figure 1) and 
mRNA binding (Figure S1C), suggestive of a partitioning event mediated by this domain 
between the mRNA and ribosome during NMD. To identify the binding site for Upf1 on 
the 80S ribosome, we developed a high throughput sequencing-based Fe-BABE directed 
hydroxyl radical probing method (HTS-BABE) (Figure 2), and identified the L1 stalk of 
the 25S rRNA as the binding site of Upf1 (Figure 3). We subsequently verified this 
interaction to be dependent on the 1C domain of Upf1 and assembled a model of Upf1 
binding to the L1 stalk on human 80S ribosomes (Figure 4).  
Despite the robust nature of the interaction that we define, the molecular details of 
the Upf1:80S interaction were somewhat surprising to us. The NMD pathway must 
depend on recognition of a premature termination codon, an event that occurs in the 
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ribosomal A site, while our data suggest that Upf1 binds on the other side of the ribosome 
in the region proximal to the E site. Although other published data have suggested that 
Upf1 binding occurs in this region near eS26 (Min et al., 2013), it remains unclear how 
this binding site is connected to proper initiation of NMD. We speculate that Upf1 
binding to the L1 stalk might have long-range effects on the ribosome that impact A site 
reactivity as observed for a number of other translation factors (eEF3, eIF5A, EFP, and 
EttA) (Andersen et al., 2006; Blaha et al., 2009; Boel et al., 2014; Chen et al., 2014; 
Doerfel et al., 2013; Gutierrez et al., 2013; Schmidt et al., 2016; Schuller et al., 2017; 
Triana-Alonso et al., 1995; Ude et al., 2013). This action is possible given the highly 
dynamic nature of the L1 stalk as it moves from a “closed” position with hybrid-state 
tRNAs after peptidyl-transfer, to an “open” conformation with a vacant E site. As 
translation termination and recycling both occur at termination codons (a hallmark of 
NMD), and since the ribosome would be anticipated to be in a classical state during these 
events (Brown et al., 2015; Matheisl et al., 2015; Preis et al., 2014; Shao et al., 2016), it 
is possible that Upf1 could impact one of these functions through long-range allosteric 
effects (Nierhaus, 1990). Whatever the mechanism of action for Upf1 might be, our 
identification of the 1C domain as critical for the Upf1:80S interaction is strongly 
supported by previous work indicating that this domain is essential for NMD (Cheng et 
al., 2007).  
While our attempts at observing a direct effect for Upf1 in translation elongation, 
termination, or recycling using an established in vitro reconstituted system were 
unsuccessful (Figure 5), it is possible that our reactions lack some key component 
necessary to reveal Upf1 activity. Importantly, Upf1 did not have any effect on 
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translation termination, though Upf1 is believed to interact with eRF1 based on co-
immunoprecipitation experiments (Ivanov et al., 2008) and direct inhibition of Upf1’s 
ATPase function by eRF1 (Czaplinski et al., 1998). Additionally, while other molecules 
such as cycloheximide or eIF5A bind inside the ribosomal E site to affect A-site 
reactivity (Budkevich et al., 2011; Garreau de Loubresse et al., 2014; Gutierrez et al., 
2013; Schmidt et al., 2016; Schneider-Poetsch et al., 2010; Schuller et al., 2017), the 
interaction between Upf1 and the L1 stalk likely occurs outside of the ribosomal E site, 
and thus may not directly affect L1 movement or ribosome function. For example, it is 
possible that the Upf1-ribosome interaction is critical for interactions with additional 
factors not included in our in vitro reconstituted system. 
 We anticipate that our HTS-BABE approach will enhance structural 
determination by radical probing methods, or be used in conjunction with other methods 
such as x-ray crystallography and cryoEM. While the resolution of this method is not 
atomic, it could be used to cross-validate cryoEM data when the identity of certain 
volumes is unknown, to help orient a molecule if sufficient resolution cannot be obtained, 
or be used when molecules are flexible or otherwise suboptimal for structural 
determination. In the case of Upf1, the eukaryotic ribosomal L1 stalk remains poorly 
characterized by these other structural methods, likely because of its inherent flexibility, 
and it may be challenging to image unless it can be trapped in a stable conformation. 
Future pursuits to stabilize and determine the complete Upf1:80S structure will be 





MATERIALS AND METHODS 
 
Full-length Upf1 expression and purification 
The Upf1 gene from S. cerevisiae (NAM7) was cloned into pYES-DEST52 
(Invitrogen) with TEV protease-cleavable N-terminal His7 and C-terminal maltose 
binding protein (MBP) tags for affinity purification. All variants of Upf1 (point mutants 
and truncations) were prepared by sub-cloning from this parent plasmid using Topo 
Directional cloning (Invitrogen) or QuickChange mutagenesis (Stratagene). The pYES-
DEST52 plasmid contains a GAL1 inducible promoter for expression of Upf1 in S. 
cerevisiae. All full-length Upf1 proteins were expressed in S. cerevisiae JC287 (MATa, 
ade2-1, his3, leu2, trp1, ura3, pep4::HIS3, prb1::HIS3, prc1::HIS3) (provided by Dr. 
Jeff Coller) with 2% galactose. Cell pellets were harvested, flash frozen in A500 buffer 
(25 mM Tris, pH 7.5, 500 mM NaCl, 10% glycerol, 1 mM MgCl2, 1 µM ZnCl2, and 5 
mM 2-mercaptoethanol), and lysed in a liquid nitrogen Freezer/Mill (SPEX Sample Prep, 
LLC). Cell lysates were purified over an amylose column (NEB) followed by a 
HisTrapFF column (GE Healthcare) to yield pure full-length Upf1 protein. Protein 
fractions were pooled, concentrated, exchanged into buffer A150 (same as A500 but with 
150 mM NaCl and 1 mM DTT instead of 2-mercaptoethanol) and stored at -80oC. In our 
pelleting assays, the His and MBP tags were not cleaved from Upf1 as initial experiments 
showed they did not affect function (Figure S1B). 
 
Ribosomal subunit purification and pelleting assay 
Ribosomal subunits from S. cerevisiae were purified as previously reported (Eyler 
and Green, 2011), or from E. coli as previously reported (Youngman et al., 2004). 
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Ribosome pelleting assays were conducted by incubating ribosomal subunits with Upf1 
proteins in reactions containing 100nM ribosomal subunits, 100 nM Upf1, 1 mM 
nucleotide, and 0.2 mg/ml polyU (Sigma) in 1X Buffer E (20 mM Tris, pH 7.5, 100 mM 
KOAc pH 7.5, 2.5 mM Mg(OAc)2, 0.25 mM spermidine, and 2 mM DTT). Reactions 
were pelleted over sucrose cushions containing 1.1 M sucrose in Buffer E using a 
Beckman MLA-130 rotor at 75,000 rpm for 1 hour at 4oC. Pelleted ribosomes were 
resuspended in Buffer E and run on SDS-PAGE gels for Western blotting using an anti-
MBP antibody (NEB) to detect Upf1. 
 
Upf1 221-851 expression and purification 
Residues 221-851 of the Upf1 gene were cloned into a plasmid containing a TEV 
protease-cleavable N-terminal His6-MBP tag (pDESTHisMBP). Each construct was 
designed to include an N-terminal HA-tag in order to observe ribosome pelleting by 
Western blot analysis. This Upf1 construct was transformed into Rosetta 2 (DE3) pLysS 
competent cells (Novagen) and expressed overnight in terrific broth (RPI) in the presence 
of 500 µM IPTG at 16oC. Cells were lysed by French press (Thermo) in A500 buffer and 
purified using amylose resin (NEB). Fractions containing Upf1 protein were then pooled, 
and incubated with His-tagged TEV protease overnight to remove the His6-MBP tag on 
Upf1. After cleavage, proteins were further purified over Ni-NTA resin (Qiagen) to 
remove both the free His6-MBP and His6-tagged TEV protease, and a Superose 6 10/300 
GL column to ensure the protein was not aggregated. Purified Upf1 was stored in A150 
buffer at -80oC for subsequent assays. 
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Fe-BABE labeling and rRNA cleavage 
eIF5A site-specific cysteine variants were labeled with Fe-BABE by first 
dialyzing 40 µL of 40 µM protein into eIF5A modification buffer (30 mM Hepes, pH 7.5, 
and 500 mM KCl) for 5.5 hours at 4oC. After dialysis, each eIF5A variant was labeled by 
incubation with 2 mM Fe-BABE (Dojindo Molecular Technologies) at 30oC for 30 
minutes. After labeling, the proteins were concentrated and buffer exchanged into Fe-
eIF5A storage buffer (20 mM Hepes, pH 7.5, 100 mM KCl, and 3 mM MgCl2), and 
stored at -80oC. 
Upf1 site-specific cysteine variants were labeled using a similar protocol with a 
few modifications for Upf1 protein stability. 40 µL of 40 µM Upf1 protein was dialyzed 
into Upf1 modification buffer (30 mM Hepes, pH 7.5, 10% glycerol, and 500 mM KCl) 
for 5.5 hours at 4oC. After dialysis, each Upf1 variant was labeled by incubation with 2 
mM Fe-BABE (Dojindo Molecular Technologies) at 30oC for 30 minutes, or in one 
circumstance at 4oC overnight (Figure 4B labeled as “o/n”). After labeling, the proteins 
were concentrated and buffer exchanged into Fe-Upf1 storage buffer (20 mM Hepes, pH 
7.5, 150 mM KCl, 10% glycerol, and 3 mM MgCl2), and stored at -80oC. 
rRNA cleavage was performed as a 20 µL reaction containing 500 nM 80S 
ribosomal subunits (purified as described above), 500 nM Fe-BABE-labeled protein 
(eIF5A or Upf1) in cleavage buffer (20 mM Hepes, pH 7.5, 100 mM KCl, and 3 mM 
MgCl2). Reactions were incubated on ice for 15 minutes to allow factor binding. Then we 
added 1 µL of 100 mM ascorbic Acid, and 1 µL fresh 0.5% hydrogen peroxide 
simultaneously to initiate radical generation. Pipetting each 1 µL reactant on the wall of a 
microcentrifuge tube, and then quickly spinning the contents allowed for simultaneous 
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mixing. The reaction continued on ice for 15 minutes and was then quenched by addition 
of 1 µL of 100 mM thiourea and 300 µL of rRNA extraction buffer (0.3 M NaOAc). The 
rRNA was then extracted by acid phenol, phenol:chloroform (5:1), and subsequently 
ethanol precipitated and resuspended in nuclease-free H2O. 
 
HTS-BABE method and analysis 
The HTS-BABE method contains several steps: 1) Reverse transcription of the 
cleaved rRNA, 2) Cleanup by RNAClean XP beads (Agencourt), 3) 3′ end ligation by 
Circligase (Epicentre), 4) Cleanup by Ampure XP beads (Agencourt), 5) PCR and gel 
extraction of products, and 6) Illumina sequencing. As previously mentioned, our method 
is based on one recently published (Kielpinski and Vinther, 2014) with several 
modifications we have described here. 
In step 1, the cleaved rRNA is reverse transcribed (RT) using a random nonamer 
(SN8)-oligo (oAS544). 1 µg of cleaved rRNA was incubated with 20 µM oAS544 in 1X 
RT-Mg buffer (50 mM Tris-Cl, pH 8.6, 60 mM NaCl, 10 mM DTT) at 65oC for 5 
minutes and then moved to ice to allow annealing of the oligo on the rRNA. Then 5 µL of 
this annealed-mixture was added to a mixture containing 2.5 µL 5X dNTP mix (1.7 mM 
of each dNTP), 2.5 µL 1X RT+Mg buffer (50 mM Tris-Cl, pH 8.6, 60 mM NaCl, 10 mM 
DTT, 6 mM MgCl2), and 2.5 µL RVT mix (0.25 µL 10X RT-Mg buffer, 0.25 µL SSIII 
reverse transcriptase (Thermo), and 2 µL H2O) to yield a final volume of 12.5 µL. This 
reaction was then reverse transcribed by incubating as follows: 25oC – 10 min, 50oC – 70 
min, 60oC – 10 min, 4oC – indefinite. After the reaction completed, we incubated at 70oC 
for 15 min to denature the reverse transcriptase and then added 25 µL of 1X RT+Mg 
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buffer to make a final volume of 37.5 µL. The reaction was then subjected to RNaseH 
digestion by adding 1 µL of RNAseH (NEB) and incubating at 37oC for 20 min to digest 
the rRNA.  
In step 2, the resulting reverse transcription product is purified by RNAClean XP 
beads. We added 67.5 µL of beads to each reaction, and incubated at room temperature 
for 30 minutes, mixing the components every 10 minutes. Then the supernatant was 
removed after placing the reactions on a magnetic stand for 5 minutes. We subsequently 
washed with 200 µL of 70% EtOH two times, and eluted with 40 µL of 5 mM sodium 
citrate, pH 6.0. To elute, the beads were mixed with buffer and incubated at 37oC for 10 
minutes, then placed on the magnetic stand and the eluant removed. 
In step 3, the cDNA product is ligated with a 3′ linker for future sequencing steps. 
In this reaction, we mixed 3 µL of each cDNA product with a 7 µL ligation mix 
containing 1 µL 10X Circligase buffer, 0.5 µL 1 mM ATP, 0.5 µL 50 mM MnCl2, 2 µL 
50% PEG 6000, 2 µL 5 M betaine, 0.5 µL of 100 µM oAS545 linker, and 0.5 µL 
Circligase enzyme. The resulting 10 µL reaction was incubated as follows: 60oC – 120 
min, 68oC – 60 min, 80oC – 10 min, 4oC – indefinite. Then we added 10 µL H2O for a 
final volume of 20 µL to proceed. 
In step 4, this ligated cDNA product is purified using Ampure XP beads. The 
procedure is similar to step 2 with the following exceptions: 1) We used 36 µL of beads 
to clean the 20 µL sample, and 2) We eluted using 16 µL of H2O. 
In step 5, the purified cDNA is amplified using PCR primers containing adaptor 
sequences for Illumina sequencing and barcodes for sample multiplexing. Our PCR 
reactions contained 6 µL of ligated cDNA product, 3.6 µL of 10 µM Index oligo 
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(oASBar01-30), 3.6 µL of 10 µM forward oligo oBZ287, 12 µL 5X Phusion HF Buffer, 
4.8 µL 2.5 mM dNTPs, 28.8 µL H2O, and 1.2 µL Phusion DNA polymerase. Our 
amplification protocol was as follows: 98oC – 3 min, (98oC – 80 sec, 64oC – 15 sec, 72oC 
– 30 sec) repeated 4 times, (98oC – 80 sec, 72oC – 45 sec) repeated 10 times, 72oC – 5 
min, 4oC – indefinite. The PCR reactions were then run on an 8% TBE native gel at 200V 
for 28min and stained with SYBR gold.  The resulting products > 150 bp were cut from 
the gel and extracted overnight in 0.3 M NaOAc with 1 mM ETDA at room temperature. 
We intentionally cut >150 bp to avoid sequencing the amplified product that results from 
ligation of the unextended RT oligo directly to the 3′ linker (and therefore contains no 
insert cDNA). The following day, the extracted DNA was precipitated with isopropanol 
and quantified using an Agilent 2100 Bioanalyzer before sequencing. 
The amplified products were subjected to 50bp single-end sequencing on an 
Illumina HiSeq 2500 and subjected to our analysis pipeline. The reads are first trimmed 
of the 3′ adaptor using the skewer package (Jiang et al., 2014). The N7 randomized 
nucleotides from our ligated adaptor were trimmed from read 5′ ends using fastx_trimmer 
(http://hannonlab.cshl.edu/fastx_toolkit/index.html by Hannon Lab). The read 5′ end now 
corresponds to the 5′ nucleotide of the 3′ product resulting from radical cleavage. Next, 
the reads were mapped to the yeast ribosomal rRNA (including 25S, 18S, 5.8S, and 5S) 
using STAR (Dobin et al., 2013) to provide a normalized (reads per million, rpm) read 5′ 
end count at each rRNA nucleotide. 
To analyze our data, we compared the rpm at each rRNA nucleotide for each site-
specific cysteine variant with the eIF5A Δcys or Upf1 Δ4cys controls. We simply divided 
the rpm at each nucleotide position across the ribosome to generate a fold-change of 
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reads in the labeled variant compared to the control, and thereby to identify enhanced 
cleavage sites caused by the Fe-BABE label at a particular position.  
 Sequencing data and mapped read counts have been deposited in GEO with 
accession number GSE104072. 
 
Primer extension for rRNA cleavage analysis 
 To identify rRNA cleavage sites by primer extension analysis, first the cleaved 
rRNA must be reverse-transcribed with a radioactive site-specific oligo complementary 
to the rRNA sequence. Approximately 1 µg of cleaved rRNA is first mixed in a 5 µL 
reaction with a 32-P end-labeled oligonucleotide (200 nM) in 1X RT-Mg buffer and 
annealed by incubating at 60oC for 5 minutes and then moved to ice. 2 µL of this 
annealed-mixture was then added to a mixture containing 1 µL 5X dNTP mix (1.7 mM of 
each dNTP), 1 µL 1X RT+Mg buffer, and 1 µL RVT mix (0.25 µL 10X RT-Mg buffer, 
0.25 µL AMV (Roche), and 2 µL H2O) to yield a final volume of 5 µL. This reaction was 
then incubated at 42oC for 60 minutes for reverse transcription to occur. For sequencing 
ladders, the reactions contained 2 µL of the annealed-mixture, 1.3 µL 5X dNTP mix, 0.7 
µL 5X ddNTP (0.2 mM of one ddNTP), and 1 µL RVT mix. The resulting cDNA 
products were mixed with 2X formamide loading dye and run on 10% TBE-Urea gels at 
60W for 2-4hrs depending on the region to be analyzed. 
 
ATPase Assays 
Purified full-length Upf1 constructs (200 nM) were mixed with 0.02 mg/ml polyU 
(for Upf1 and Upf1 ΔCH) or 0.2 mg/ml polyU (for Upf1 1C-12Ala). Reactions were 
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incubated at 26oC and time points quenched with 30% formic acid. Samples were spotted 
on PEI-Cellulose F TLC plates (EMD Millipore) and analyzed in 0.5 M KH2PO4 pH 3.5. 
TLC plates were developed using a Typhoon FLA 9500 Phosphorimaging system and 
quantified using ImageQuant TL (GE Healthcare Life Sciences).  
 
In vitro reconstituted translation assays 
The elongation and termination assays were performed as previously described 
(Schuller et al., 2017) using MFFFKX-UAA initiation complexes or MFX-UAA pre-
termination complexes with the addition of 10-20 µM Upf1 ΔCH.  
 The recycling assay was performed using MFKX-UAA pre-termination 
complexes in reaction with 1X Buffer E, 4 µM AGQ-eRF1, 2 µM Rli1, and 10 µM Upf1 
ΔCH. 50 µM peptidyl-tRNA hydrolase (PTH) was added to the reactions to quantify 
dissociated complexes (PTH cannot access the peptidyl-tRNA unless released from the 
ribosome) (Shoemaker et al., 2010). Time points in both assays were quenched using 
10% formic acid and run on electrophoretic TLC (Millipore).  
All TLC plates were developed using a Typhoon FLA 9500 Phosphorimager 
system and quantified using ImageQuantTL (GE Healthcare Life Sciences). Time courses 







Figure 1. Upf1 binds 80S ribosomes via 1C domain 
(A) Schematic of Upf1 domain structure with point mutants and domain truncation 
constructs used in ribosome pelleting assays. (B) Ribosome pelleting comparison of S. 
cerevisiae 80S ribosomes and E. coli 70S ribosomes. (C) Ribosome pelleting assay with 
different ATP analogs added. (D) Ribosome pelleting assay using Upf1 point mutants for 
ATP binding (K436Q), ATP hydrolysis (DE572AA), and weakened mRNA binding 
(RR793AA). (E) Ribosome pelleting assay using Upf1 N-terminal domain truncation 
constructs. (F) Ribosome pelleting assay using Upf1 construct with 1C domain replaced 
by a stretch of 12 alanines, or specific alanine mutants on each positively charged 
surface. Structure of Upf1 with 1C domain shown in red and mRNA in blue (PDB 
2XZL). Positive residues on each side of the 1C domain are colored in cyan (Helix 1, 2) 
and light purple (Helix 3).  
 
Figure 2. HTS-BABE method development and eIF5A test case 
(A) Schematic of HTS-BABE workflow. (B) MA plot for eIF5A site-specific cysteine 
variant at position K48C and its corresponding rRNA cleavage sites identified using 
HTS-BABE. (C) Same as (B) for position T126. (D) Primer extension gels to probe sites 
identified by HTS-BABE method. (E) Structural model of eIF5A bound to 80S ribosome 
(PDB 5GAK) with Fe-BABE label locations (K48C – green, T126C – purple) and their 





Figure 3. HTS-BABE reveals Upf1 binding to the ribosomal L1 stalk 
(A) Pymol figure highlighting 14 Upf1 site-specific cysteine variants for Fe-BABE 
probing (PDB 2XZL; residues 221-851). Variants are colored in purple, and mRNA in 
blue for reference. (B) MA plot for Upf1 S335C position with top cleavage sites labeled. 
(C) Same as (B) for Upf1 T337C. (D) Pymol figure showing positions of S335C (cyan) 
and T337C (magenta) in relation to 1C domain and the helix 3 residues required for 
ribosome binding (shown in light purple). (E) Primer extension gel to probe cleavage 
sites along L1 stalk in S335C and other variants. (F) Same as (E) for an expanded set of 
Fe-BABE variants. Sample “S335C-Fe (Fig 4B)” was loaded as a gel control. 
 
Figure 4. Upf1 1C domain is essential for L1 stalk binding 
(A) Schematic of L1 stalk with unique identified cleavage sites from Upf1 variant S335C 
(cyan) and T337C (magenta). Cleavage sites shared between several variants are noted 
with black line (25S 2441-2443 and 2462-2464). (B) Primer extension gel to probe 
hydroxyl radical cleavage sites along L1 stalk in presence and absence of Upf1 1C 
domain. (C) Pymol model showing the movement of L1 stalk we employed to create an 
“open configuration.” Open L1 stalk rRNA is shown in blue and L1 protein in green. The 
“intermediate-closed” L1 position (PDB 4UG0) is shown in grey for reference as well as 
the E-site tRNA in pink. (D) Pymol model for Upf1 binding to L1 stalk of human 80S 
ribosomes. (E) Close-up view of structural model highlighting Upf1 position in relation 
to L1 stalk and E-site tRNA, and cleaved residues by Upf1 S335C (cyan) and T337C 
(magenta). (F) Close-up view of Upf1 model their corresponding cleavage sites mapped 
to the L1 stalk rRNA. 
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Figure 5. Upf1 does not affect elongation, termination, or recycling in an in vitro 
reconstituted system 
(A) In vitro elongation assay for MFFFK synthesis in the presence and absence of Upf1 
ΔCH (residues 221-851). (B) In vitro termination assay monitoring peptidyl-release by 
eRF1:eRF3 in the presence and absence of Upf1 ΔCH. (C). In vitro recycling assay 




SUPPLEMENTAL FIGURES & TABLES  
Figure S1. Upf1 pellets with 80S ribosomes and the Upf1  
1C domain affects both ribosome and mRNA binding 
(A) Coomassie blue stained gel of Upf1 constructs containing an N-terminal His7 and C-
terminal MBP tag purified from yeast for pelleting assays. (B) Pelleting assay in the 
presence of TEV protease to cleave MBP and His7 and test for non-specific pelleting by 
MBP. (C) ATPase assay for Upf1 FL, Upf1 ΔCH, and Upf1 1C-12Ala with varying 
amounts of polyU RNA. 
 
Figure S2. HTS-BABE replicates for eIF5A and measurements of eIF5A Fe-BABE 
rRNA cleavage 
(A) Coomassie blue stained gel of Flag-eIF5A constructs purified from yeast to be used 
in Fe-BABE cleavage assays. Gel includes flow through (FT), washes (W1-2) and elution 
(El) from FLAG immunoprecipitation. (B) MA plot for eIF5A K48C variant replicate in 
HTS-BABE method. Enriched cleavage sites are colored and labeled next to plot. (C) 
Same as (B) for eIF5A T126C variant. (D) Pymol figure of 80S ribosome bound to eIF5A 
(PDB 5GAK) with several identified rRNA cleavage sites for K48C variant mapped and 






Figure S3. Upf1 E. coli purified ΔCH constructs pellets with 80S ribosomes 
dependent on 1C domain and HTS-BABE replicates for Upf1 S335C and T337C 
(A) Coomassie blue stained gel of Upf1 site-specific cysteine variants used in Fe-BABE 
rRNA cleavage experiments. (B) Pelleting assay for E. coli purified Upf1 ΔCH and Upf1 
ΔCH 1C-12Ala constructs. (C) MA plot for replicate in HTS-BABE experiment of Upf1 
variant S335C. Enriched cleavage sites are labeled on each plot. In the case of S335C, 
several sites along Helix 16 were identified in HTS-BABE analysis, however later shown 
as false-positives (Figure S4D). (D) Same as (C) for Upf1 T337C variant.  
 
Figure S4. Upf1 Fe-BABE rRNA cleavage analysis of other surface exposed long 
rRNA helices 
(A) Pymol representation of S. cerevisiae 80S ribosome (PDB 4V88) to show solvent 
accessible RNA surface. 60S rRNA is colored in blue, 40S rRNA is colored in yellow, 
and ribosomal proteins are colored in gray. Helix 16 and expansion segment 6 are 
highlighted on structures as examples of long rRNA helices tested for rRNA cleavage 
with our Upf1 Fe-BABE variants. (B) MA plot indicating minor cleavage event at 18S 
U649 observed in several Upf1 variants but later shown to be a false-positive. (C) Primer 
extension analysis of Fe-BABE rRNA cleavage sites for several Upf1 variants along the 
18S expansion segment 6 (ES6). (D) Primer extension analysis of Fe-BABE rRNA 
cleavage sites for several Upf1 variants along the 18S Helix 16. In (C) and (D), sample 
“S335C-Fe (Fig 4B)” was added as a gel control. 
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Name Use Sequence (5' --> 3') 
Illumina Index Rev. 
Comp. 
oAS510 18S Helix 16 probing GTATTTACATTGTACTCATTCC N/A 
oAS511 18S ES6 probing GCTAATATATTCGAGCAATACG N/A 
oAS517 25S Helix 93 probing CTGACTTAGAGGCGTTCAGCC N/A 
oAS519 25S L1 stalk probing AGCTCCGCTTCATTGAATAAG N/A 
oAS544 HTS-BABE RT 
AGACGTGTGCTCTTCCGATCTNN
NNNNNNS N/A 



























































































































































































































































Chapter IV: Conclusion 
 
In this work I have detailed my investigations of the function of two E-site 
binding proteins in translation. Nonetheless, many outstanding questions remain. Some of 
the more pressing issues are described below. 
 
Role of eIF5A hypusine modification  
 In eukaryotes, eIF5A is an abundant and essential protein that we know to 
function in the stimulation of global elongation and termination (Schuller et al., 2017). In 
the course of my studies, I observed that eIF5A stimulates the translation of many 
ribosome-stalling motifs, but that its hypusine post-translational modification is only 
critical for the translation of poly-proline stretches. Recent structural data have suggested 
that the hypusine moiety makes interactions with the CCA-end of the peptidyl-tRNA, 
stabilizing it for nucleophilic attack at the ribosome peptidyl-transferase center (Schmidt 
et al., 2016).  
Why might the hypusine modification be necessary for progression through poly-
proline and not other stalling motifs, given the interaction is made through a conserved 
tRNA element? One possibility is that poly-proline stalls are caused not only by slow 
reaction kinetics, but also by an inhibitory conformation that poly-Pro adopts in the 
ribosome exit tunnel. In this model, interactions between the hypusine moiety and the 
tRNA would create a more favorable peptide conformation, while the body of eIF5A 
would be responsible for promoting fast peptidyl-transfer kinetics. A deeper investigation 
into the structure of eIF5A-bound ribosomes stalled at poly-proline and other stalling 
motifs, in addition to identification of the in vivo targets of unmodified eIF5A (potentially 
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by ribosome profiling), will be required to begin to tease out the precise function of 
eIF5A-hypusine modification. 
 
Function of Upf1:80S interaction in NMD 
 In eukaryotes, the nonsense-mediated decay (NMD) pathway selectively degrades 
mRNAs containing a premature termination codon (PTC) (Kervestin and Jacobson, 
2012). This quality control mechanism is dependent on the three Upf proteins: Upf1, 
Upf2, and Upf3. Upf1 is the primary, catalytic component of NMD and a member of the 
SF1 helicase family. In contrast, Upf2 and Upf3 are thought to act primarily as binding 
partners that regulate Upf1 location or function. In this work, I have discovered that the 
ribosome-binding site for Upf1 is the L1 stalk near the ribosomal E site. This region of 
the ribosome has been of great interest to the ribosome field, as it has been shown to 
adopt several unique conformations that correlate with the translation status of the 
ribosome (Mohan and Noller, 2017). While my observations are supported by other 
studies that have suggested an interaction for Upf1 near the ribosomal E site (Min et al., 
2013), this binding site remains somewhat puzzling. 
A key requirement for NMD is that an mRNA contains a PTC. From the 
ribosome’s perspective, this recognition occurs in the A site, where the release factor 
eRF1 binds (Brown et al., 2015). It is possible, however, that Upf1 affects 
communication between the ribosome E and A sites by some long-range interaction, as 
has been shown for other protein factors, such as eEF3 (Andersen et al., 2006; Triana-
Alonso et al., 1995). Alternatively, Upf1 may serve as a binding platform at the L1 stalk 
for other factors required to initiate NMD. Both in vivo and in vitro approaches will be 
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required to understand the functional consequence of this ribosomal interaction. A deeper 
understanding of the Upf1:80S interaction could be achieved by cryoEM in the near 
future, if this complex can be stably isolated (e.g., addition of ADP or use of an ATPase-
inactive mutant) and the L1 stalk can be accurately resolved. Experiments using ribosome 
profiling in NMD-null backgrounds, or reporters to probe both NMD and translation 
termination efficiency will be required to understand how Upf1 can sense PTCs and what 
other factors are involved in this recognition.  
A more fundamental question, however, may simply be to ask what factors are 
involved in translation termination? At the protein level, recent work with the poly(A)-
binding protein (PABP) has implicated the distance between PABP and a termination 
codon as a determinant of termination efficiency (Swart et al., 2016). Biochemical data in 
a reconstituted translation system supports this connection and suggests that PABP could 
alter the conformation of a terminating ribosome bound to eRF1:eRF3 (Ivanov et al., 
2016). Understanding the details of this interaction and its effect on termination 
efficiency will be an important step moving forward. Also, since the atlas of mRNA 
binding proteins is quite large (Castello et al., 2012), it is possible that other factors could 
similarly affect termination. Coordination (or lack thereof) between these factors, the 
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Appendix I: eIF5A is a common contaminant of yeast protein 
purifications and a potent stimulator of translation termination 
 
Abstract 
During the course of my work with Upf1, an essential factor in the nonsense-
mediated decay pathway, I discovered eIF5A as a potent stimulator of translation 
termination. My investigations began by using an in vitro reconstituted translation system 
to determine the effect of Upf1 on translation termination. Initial results suggested that 
Upf1 stimulated translation termination, and specifically the catalytic function of eRF1 to 
promote peptidyl-hydrolysis. After purification of several mutant and truncated Upf1 
constructs, I determined that the stimulatory activity was instead due to a contaminating 
factor specific to protein purifications from S. cerevisiae cells. Using a combination of 
biochemical fractionation, activity assays in a reconstituted translation system, and mass 
spectrometry, I determined this contaminating activity was due to eIF5A. Subsequent 
analysis of other proteins purified from S. cerevisiae (such as eEF2) revealed that eIF5A 
is a common contaminant of yeast protein purifications. Special precautions must be 
taken in order to purify yeast proteins in the absence of eIF5A to study both translation 
elongation and termination in vitro. 
 





Upf1 stimulates translation termination 
 Using an in vitro reconstituted translation system, we investigated the role of 
Upf1 in translation termination. Programmed termination complexes composed of 80S 
yeast ribosomes on an mRNA with [35S]-Met-Phe-tRNAPhe in the P (peptidyl) site and a 
stop codon (UAA) in the A site were used to follow translation termination over time. 
Termination complexes were incubated with release factors eRF1:eRF3 and the rate of 
hydrolysis of [35S]-Met-Phe (MF) peptide from the peptidyl-tRNA was followed by 
electrophoretic TLC (Figure 1A). The rate constant (kobs) for eRF1:eRF3 stimulated 
peptide release was 0.6 min-1, consistent with previous reports (Eyler and Green, 2011; 
Shoemaker and Green, 2011). When Upf1 was added to the termination reaction, the rate 
of peptidyl-hydrolysis by eRF1:eRF3 was stimulated 14-fold to a rate of 8.4 min-1 (Figure 
1B). Addition of 3-fold more Upf1 resulted in no further stimulation indicating that the 
reaction was saturated and, at a minimum, that there are substantial effects on kcat (data 
not shown). Similar stimulation of termination activity by Upf1 was observed in a 
reaction with only eRF1 (in the absence of eRF3); the rate of release by Upf1:eRF1 was 
6-fold higher than the rate with eRF1 alone. Additionally, the non-hydrolyzable GTP 
analog (GDPNP) strongly inhibited the termination reaction with eRF1:eRF3:Upf1, 
consistent with the idea that the release of eRF3 from the termination complex by GTP 
hydrolysis is required prior to the peptide hydrolysis reaction (Eyler et al., 2013; 
Shoemaker and Green, 2011).  
In light of the known coupling between termination and recycling in eukaryotes 
(Shoemaker and Green, 2011) and because of proposed roles for Upf1 in modulating 
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ribosome recycling (Amrani et al., 2006; Celik et al., 2015), we next evaluated the ability 
of Upf1 to promote subunit dissociation. In these experiments, we monitored the rate of 
subunit dissociation of termination complexes incubated with canonical termination and 
recycling factors (eRF1:eRF3 and Rli1), or with combinations of these factors and Upf1. 
The previously characterized, catalytically inactive, eRF1 mutant (GGQàAGQ) was 
used to more simply follow the recycling reaction (it prevents hydrolysis of the MF 
peptide by the termination factor but still results in subunit dissociation). As previously 
reported, Rli1 (ABCE1 in higher eukaryotes) substantially increases the natural rate of 
ribosome recycling in our assay while Upf1 has no discernible effect relative to 
background (AGQ:eRF3) (Figure 1C). 
We next asked whether there was a mechanistic connection between Upf1 
helicase activity or ribosome binding, and this stimulatory function in termination. This 
possibility was tested by asking whether any of Upf1 variants including those defective in 
ATP binding (K436Q), ATP hydrolysis (DE572AA), RNA binding (RR793AA), or those 
lacking one or several domains could enhance the rate of the peptide release reaction 
(Figure 1D); we note that only the 1C deletion failed to bind ribosomes in our pelleting 
assay (data not shown). To our surprise, we found that all of these constructs were able to 
fully promote peptidyl-hydrolysis under saturating (kcat) conditions identified for full-
length Upf1 (Figure 1E). Together, these results fail to establish any direct connection 





Identification of contaminating activity in S. cerevisiae protein purifications 
In light of this unexplained mechanism for Upf1 stimulation, we decided to purify 
several truncations of Upf1 lacking the helicase core (such as the Upf1 CH domain only), 
as well as other RNA helicases (Dhh1 for example). Performing the same in vitro 
termination assays with both of these constructs revealed that stimulation of translation 
termination was not due to Upf1, but rather some contaminant of these purifications (data 
not shown). To better investigate the cause of this contaminating activity, we purified a 
His-MBP construct from both S. cerevisiae and E. coli cells as all Upf1 constructs 
contained these tags for purification. Upon addition of these His-MBP proteins we found 
that MBP purified from S. cerevisiae robustly stimulated translation termination while 
MBP purified from E. coli did not (Figure 2).  
To further identify the source of this activity, we tested whether the activity could 
be attributed to a protein, RNA, or small molecule contaminant using the in vitro 
termination assay. We tested a multitude of conditions including: 1) various buffer 
components to identify if a small molecule was the cause of such activity, 2) whether the 
contaminant was an RNA species by adding RNAse (data not shown), or 3) whether the 
contaminant was proteinacious by both heat treament and addition of proteinase K 
(Figure 3). From these data we determined that the contaminating activity was due to a 
proteinacious molecule that was heat-insensitive. As heat-sensitivity was tested by 
boiling the protein fraction at 95 degrees for 15 minutes and then cooling to room 
temperature, it is also possible the protein was able to re-fold after heat-treatment. Taken 
together, this data suggested that a protein contaminant specific to the yeast protein 
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purifications (by Ni-NTA and amylose resin chromatography) was responsible for the 
stimulatory activity. 
 
eIF5A is a potent stimulator of translation termination 
To identify the protein contaminant, we tried to enrich for activity by isolating 
fractions from affinity (Ni-NTA and amylose) and ion exchange chromatography. This 
course of action was not productive, as fractions from all these columns were able to 
stimulate the in vitro termination reaction (data not shown). While some fractions 
contained more activity than others, it was not clear how to compare these fractions to 
identify the protein of interest. Instead, we performed ESI mass spectrometry to identify 
all protein components of several purifications that contained termination stimulatory 
activity (data not shown). After analysis of the peptides identified from a tryptic 
digestion, we identified eIF5A as a candidate for this contaminating activity.  
eIF5A is a small and highly-abundant protein in yeast cells (Kulak et al., 2014) 
that was shown to stimulate peptide bond formation at Pro-Pro sequences (Gutierrez et 
al., 2013), interacting with the peptidyl-tRNA through the ribosomal E site (Schmidt et 
al., 2016). Because of the similarities between peptide-bond formation and termination 
(both nucleophilic attack by an A-site molecule at the peptidyl-transferase center of the 
ribosome), we identified eIF5A as a candidate for this stimulation of translation 
termination. To investigate this directly we purified recombinant eIF5A from E. coli and 
tested its function in the in vitro termination assay (Figure 4). To our surprise, eIF5A 
showed robust stimulation of eRF1-mediated translation termination, and was also heat-
insensitive. Additionally, we could attribute the stimulatory activity to a unique post-
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translational modification on eIF5A called hypusine (Park et al., 1981). Taken together 
these data suggested that the contaminating activity in our yeast purifications was due to 
hypusinated eIF5A. 
 
eIF5A is contaminant of other S. cerevisiae protein purifications 
Because eIF5A is such an abundant protein in cells and co-purified with the Upf1 
constructs after both nickel and amylose chromatography, we were worried that eIF5A 
could also be a contaminant of other factors used in our in vitro reconstituted system. To 
test this we performed in vitro elongation reactions to study the rate of Pro-Pro bond 
formation, a kinetically slow reaction that was shown to require eIF5A. To our surprise 
we found that we could robustly make an MPPK peptide even without adding additional 
eIF5A, suggestive of eIF5A contamination in our preparations of eEF2 and eEF3 (data 
not shown). To solve this issue, we purified these factors with a final gel filtration 
chromatography step, and isolated fractions individually (rather than pooling the fractions 
for concentration). Individual fractions were concentrated and tested for MPPK formation 
to identify fractions that did (or did not) contain eIF5A (Figure 5). We found that early 
fractions of eEF2 from an S200 column had robust eEF2 function without contaminating 
eIF5A, while later fractions were in fact contaminated. This analysis is the only way to 
identify eIF5A contamination as Western blotting did not provide a signal for eIF5A, 
even in these early fractions (data not shown). Taken together these results suggest that 




 Through a combination of in vitro biochemistry and mass spectrometry, we 
identified eIF5A as a robust contaminant of protein purifications from S. cerevisiae. 
eIF5A is abundant, heat-insensitive, and co-purifies by many chromatographic methods 
including nickel, amylose, and ion exchange. In light of these issues, special 
considerations must be taken to avoid eIF5A contamination when necessary. To isolate 
proteins in the absence of eIF5A, we found careful fractionation and analysis of Pro-Pro 
bond formation as the most robust method to identify contamination. Moving forward, it 
might be useful to include an affinity tag (such as FLAG or HA) at the genomic locus of 
eIF5A in S. cerevisiae strains used for protein purification. In this way, the eIF5A could 





MATERIALS AND METHODS 
Upf1 Expression and Purification 
The Upf1 gene from S. cerevisiae (NAM7) was cloned into pYES-DEST52 
(Invitrogen) with TEV protease-cleavable N-terminal His7 and C-terminal maltose 
binding protein (MBP) tags for affinity purification. All variants of Upf1 (point mutations 
and truncations) were prepared by sub-cloning from this parent plasmid using Topo 
Directional cloning (Invitrogen) or QuickChange mutagenesis (Stratagene). The pYES-
DEST52 plasmid contains a GAL1 inducible promoter for expression of Upf1 in S. 
cerevisiae. All Upf1 proteins were expressed in S. cerevisiae JC287 (MATa, ade2-1, 
his3, leu2, trp1, ura3, pep4::HIS3, prb1::HIS3, prc1::HIS3) (provided by Dr. Jeff Coller) 
with 2% galactose. Cell pellets were harvested, flash frozen in buffer containing 25 mM 
Tris, 500 mM NaCl, 10% glycerol, 1 mM MgCl2, 1 mM ZnCl2, and 5 mM BME (A500), 
and lysed in a liquid nitrogen Freezer/Mill (SPEX Sample Prep, LLC). Cell lysates were 
purified over an Amylose column (NEB) followed by a HisTrapFF column (GE 
Healthcare) to yield pure full-length Upf1 protein. Protein fractions were pooled, 
concentrated, exchanged into buffer A150 (same as A500 but with 150 mM NaCl) and 
stored at -80oC.  
 
Purification of translation factors 
Translation initiation factors eIF2, eIF1, eIF1A, eIF5, and eIF5b were purified 
from both S. cerevisiae (eIF2) and E. coli using reported procedures. Purification of 
eEF1A from S. cerevisiae also followed a previously reported protocol.  
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During purification of eEF2 and eEF3 from S. cerevisiae we identified the 
presence of low-level (though highly active) contaminating eIF5A. Endogenous eIF5A is 
very abundant, and can be enriched from yeast lysate by both Ni-NTA and amylose 
affinity chromatography. In order to isolate eEF2 and eEF3 in the absence of eIF5A, we 
took great care to sacrifice any contaminated fractions during purification to yield a 
highly pure protein. After purification, individual fractions were tested for MPPK 
synthesis in the absence of eIF5A as a test for contamination. Those fractions that did not 
stimulate MPPK formation were used in subsequent assays. 
eEF2 was purified using a C-terminal His6 tag from strain TKY675. eEF2 was 
purified by Ni-NTA chromatography in buffer containing 20 mM HEPES pH 7.4, 10% 
glycerol, 300 mM KCl, and 5 mM 2-mercaptoethanol. Then the protein was diluted to 30 
mM KCl and further purified by cation exchange chromatography using a gradient from 
30-150 mM KCl. Fractions containing eEF2 (and no eIF5A) were pooled, concentrated, 
and further purified by gel filtration using a HiPrep 26/60 Sephacryl S-200 column (GE 
Healthcare Life Sciences) for best separation of eEF2 and contaminant eIF5A. Fractions 
containing eEF2 were individually concentrated, and stored in gel filtration buffer 
containing 20 mM HEPES pH 7.4, 100 mM KOAc pH 7.6, 10% glycerol, and 2 mM 
DTT.  
eEF3 was purified using a N-terminal His6 tag from strain TKY702. eEF3 was 
purified by Ni-NTA chromatography in buffer containing 25 mM Tris pH 7.5, 10 mM 
Imidazole, 1 M KCl, 10% glycerol, and 5 mM 2-mercaptoethanol. After elution, protein 
was further purified by gel filtration using a Superose 6 10/300GL column (GE 
Healthcare Life Sciences). Fractions containing eEF3 were individually concentrated, and 
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stored in gel filtration buffer containing 20 mM HEPES pH 7.4, 100 mM KOAc pH 7.6, 
10% glycerol, and 2 mM DTT.  
Eukaryotic release factor eRF1 (and AGQ mutant) was purified from E. coli with 
a His6 tag as previously described. Release factor eRF3 was purified from E. coli using 
the IMPACT Protein Purification System (New England Biolabs) as previously 
described. 
Expression and purification of recombinant eIF5A from E. coli was performed as 
previously reported. Briefly, a plasmid expressing His6-eIF5A, or a plasmid co-
expressing His6-eIF5A with modification enzymes Dys1 and Lia1 was transformed into 
BL21-CodonPlus (DE3)-RIPL cells (Agilent). Proteins were expressed and purified by 
Ni-NTA affinity chromatography and anion exchange chromatography. 
 
In vitro Termination and Subunit Separation 
Ribosome complexes encoding Met-Phe-tRNAPhe in the P site and a stop codon 
(UAA) in the A site were formed and purified as previously described. Termination 
assays were performed in 1X Buffer E (20 mM Tris pH 7.5, 100 mM KOAc pH 7.5, 2.5 
mM Mg(OAc)2, 0.25 mM spermidine, and 2 mM DTT) and contained 1 mM ATP and 
GTP (or GDPNP), 2 mM Upf1, 4 mM eRF1, 6 mM eRF3, and 3 nM termination 
complex. For subunit dissociation assays, 2 mM Rli1 was used as a positive control for 
splitting, and 50 mM PTH was added to the reactions to quantify dissociated complexes 
(PTH cannot access the peptidyl-tRNA unless released from the ribosome). Time points 
in both assays were quenched using 10% formic acid and run on electrophoretic TLC 
(Millipore). TLC plates were developed using a Typhoon FLA 9500 Phosphorimager 
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system and quantified using ImageQuantTL (GE Healthcare Life Sciences). Time courses 
were fit to single exponential kinetics using Kaleidagraph (Synergy Software). 
 
In vitro reconstituted translation elongation  
Translation elongation reactions were performed in 1X Buffer E (20 mM Tris pH 
7.5, 100 mM KOAc pH 7.6, 2.5 mM Mg(OAc)2, 0.25 mM Spermidine, and 2 mM DTT). 
Limited amounts of 80S initiation complexes (3 nM) were mixed with purified eEF1A (1 
µM), aa-tRNA (500 nM), eEF2 (1 µM), eEF3 (1 µM), ATP (3 mM) and GTP (2 mM) in 
the presence or absence of eIF5A (1 µM). Reactions were incubated at 26oC and time 
points quenched with 250 mM KOH. Peptide formation was monitored by electrophoretic 
TLC (Millipore). TLC plates were equilibrated with pyridine acetate buffer (5 ml 
pyridine, 200 ml acetic acid in 1 liter, pH 2.8) before electrophoresis at 1200 V for 28 
min. Plates were developed using a Typhoon FLA 9500 Phosphorimager system (GE 
Healthcare Life Sciences) and quantified using ImageQuantTL (GE Healthcare Life 
Sciences). Time courses were fit to single exponential kinetics using Kaleidagraph 
(Synergy Software).  
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FIGURE LEGENDS 
Figure 1. Yeast purified Upf1 constructs stimulate translation termination 
(A) Schematic of in vitro termination assay. Termination complexes containing a [35S]-
Met-Phe-tRNAPhe in the P site and a UAA codon in the A site are mixed with release 
factors and Upf1. Hydrolysis of the peptide by eRF1 releases a Met-Phe (MF) dipeptide 
that is analyzed via electrophoretic TLC and rate of release determined (example shown). 
(B) Rates of peptide release by eRF1:eRF3 and stimulation by Upf1. kobs values are the 
means ± SEM (n=3). (C) Stimulation of subunit dissociation by Rli1 and Upf1 in PTH-
coupled ribosome dissociation assay. (D) Coomassie stained gel of Upf1 constructs. (E) 
Termination rates for all Upf1 constructs. kobs values represent the mean ± SEM (n=3). 
 
Figure 2. Yeast specific contaminant of MBP purification stimulates translation 
termination 
Peptidyl-hydrolysis assay comparing His-MBP purified from both E. coli and S. 
cerevisiae reveals presence of contaminating activity in yeast-purified sample. Blue box 
indicates normal rate of peptide release while red box indicates a stimulated reaction. 
  
Figure 3. Contaminating activity is caused by a heat-insensitive protein 
Peptidyl-hydrolysis assay comparing S. cerevisiae purified Upf1 CH domain before and 
after heat treatment, as well as in the presence of proteinase K. Blue box indicates normal 




Figure 4. Purified eIF5A can stimulate translation termination and is heat-
insensitive 
Peptidyl-hydrolysis assay in the presence of various amounts of hyspusinated eIF5A, 
hypusinated eIF5A that was boiled at 95oC for 15 min prior to addition, unmodified 
eIF5A, and a purified His6-MBP construct expressed in S. cerevisiae containing low-level 
(though highly active) eIF5A contamination. Blue box indicates normal rate of peptide 
release while red box indicates a stimulated reaction. 
 
Figure 5. eIF5A contaminates eEF2 fractions off S200 column 
Elongation kinetics of MPPK formation using different fractions of eEF2 after gel 
filtration chromatography. Early fractions (#1-2) contain little to no contaminant eIF5A 
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